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ABSTRACT 


Three  types  of  ground-based  simulators  of  the  X-22A  aircraft  are  evaluated 
and  compared  with  actual  flight.  Simulator  types  employed  were  a  fixed-base 
simulator  with  lineari/.ed  equations  of  motion,  a  fixed-base  simulator  with  non- 
linearized  equations  of  motion,  and  a  moving-base  simulator  with  linearized 
equations  of  motion.  Evaluations  are  based  on  comparisons  of  pilot  ratings, 
pilot  comments,  and  dynamic  response  time  history  data.  Data  comparisons 
are  interpreted  and  discussed  in  terms  of  significant  factors  such  as  simulator 
type,  complexity,  and  physical  and  psychological  cues. 

Several  correlations  among  the  different  simulators  and  flight  are  developed  in 
terms  of  numerical  pilot  ratings  of  specific  flight  conditions  and  tasks.  These 
pilot  rating  correlations  provide  a  basis  for  projecting  flight  characteristics 
from  results  obtained  with  the  simulator  types  evaluated.  Relative  capabilities 
and  limitations  of  the  various  simulators  to  represent  flight  and  minimum 
standards  of  adequacy  for  specific  tasks  are  also  established  for  hover  and 
transition. 


FOREWORD 


This  work  was  sponsored  by  the  United  States  Army  Aviation  Materiel  Labora¬ 
tories  (USAAVLABS)  as  part  of  a  continuing  long-range  program  to  obtain  a 
better  understanding  of  various  kinds  of  simulators  and  to  determine  their  capa¬ 
bility  to  produce  data  representative  of  the  simulated  aircraft  in  flight.  This 
report  documents  the  work  performed  under  Contract  DAAJ02-67-C-0049  (Task 
1 F162204A14233)  by  the  Integrated  Systems  Engineering  Department  of  Bell 
Aerosystems  Company  of  Buffalo,  New  York,  during  the  period  from  May  1967 
to  August  1968. 

Mr.  R.  P.  Smith  of  USAAVLABS  monitored  the  technical  aspects  of  the  program, 
which  was  performed  by  Messrs.  J.  L.  Michaels  and  H.  G.  Streiff  of  Bell  Aero¬ 
systems  Compan- .  The  value  and  scope  of  the  program  was  expanded  im¬ 
measurably  by  the  willing  cooperation  and  assistance  of  the  X-22A  project  per¬ 
sonnel  and  pilots,  who  helped  to  expedite  the  initial  search  for  flight  data, 
participated  in  the  simulation  effort,  and  always  arranged  to  be  available  for 
consultation.  Special  appreciation  is  expressed  to  the  pilots  (Lieutenant  Com¬ 
mander  W.  Davies,  USN;  Major  I.  W.  Rundgren,  USA;  Major  J.  G.  Basquez  III, 
USAF;  Lieutenant  D.  L.  Green,  USN;  and  Lieutenant  W.  R.  Casey,  USN),  whose 
enthusiastic  participation  gave  the  data  correlations  added  breadth  and  quality. 
Special  appreciation  is  also  expressed  to  personnel  of  the  Full  Scale  and  Sys¬ 
tems  Research  Division  and  the  Simulation  Sciences  Division  of  the  NASA  Ames 
Research  Center  for  their  efforts  on  behalf  of  this  program. 
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INTRODUCTION 


In  recent  years  the  ground-based  flight  simulator  has  gained  increasing  accep¬ 
tance  and  recognition  as  an  effective  and  low-cost  means  of  solving  a  large 
variety  of  engineering  design  and  handling  qualities  research  problems  for 
piloted  vehicle  developments.  Simulator  usage  has  grown  especially  fast  in  the 
field  of  V/STOL  aircraft,  where  the  problems  of  flight  dynamics  are  multiplied 
by  the  continuously  variable  aerodynamics  and  control  derivatives  in  the  speed 
range  between  hover  and  conventional  flight.  Essentially  all  V/STOL  programs 
now  regularly  employ  simulators  of  various  types  as  design  and  training  aids. 
Simulator  evaluations  carried  on  in  conjunction  with  aircraft  development  are 
being  used  to  avoid  costly  downstream  modifications,  by  uncovering  and  solv¬ 
ing  potential  problem  areas  before  commitments  to  detail  design  or  fabrication 
are  made.  Simulators  have  also  become  recognized  as  powerful  research  tools 
for  systematic  study  of  the  varied  human  engineering  problems  related  to  the 
establishment  of  flight  control  system  design  requirements  and  handling  quali¬ 
ties  criteria. 

While  simulators  are  being  ever  more  widely  used  for  the  purposes  mentioned, 
very  little  systematic  information  has  yet  been  generated  to  establish  cate¬ 
gorically  the  realism  or  validity  of  different  simulator  types.  The  various 
published  studies  in  the  literature  are  mostly  independent  investigations  which 
report  their  findings  as  parametric  data  trends  and  relative  merit  evaluations, 
without  relation  to  a  frame  of  reference  based  on  actual  flight.  In  the  design 
process,  the  results  of  such  studies  are  of  necessity  applied  on  an  incremen¬ 
tal  rather  than  an  absolute  basis,  and  the  true  dynamic  handling  characteristics 
remain  in  question  until  finally  established  by  flight  test.  There  is,  therefore, 
a  definite  need  for  a  quantitative  determination  of  the  degree  of  fidelity  of  the 
various  simulator  types  with  respect  to  actual  flight,  and  for  the  definition  of 
their  capabilities  and  limitations  when  used  in  their  customary  engineering 
design,  research,  and  training  applications. 

The  present  study  is  part  of  a  long-range  program  to  fill  this  need  by  develop¬ 
ing  sufficient  data  to  catalog  the  many  types  of  ground-based  simulators 
according  to  their  capabilities  and  limitations  for  representing  the  true  flight 
characteristics  and  handling  qualities  of  aircraft.  The  work  reported  is  based 
on  comparisons  of  data  from  simulations  and  flights  of  the  X-22A  V/STOL 
research  aircraft.  Objectives  of  the  study  were  to  make  comparisons  and 
correlations  of  simulator  results  with  flight  for  as  wide  a  range  of  flight  and 
simulator  variables  as  possible  from  existing  data,  to  generate  additional  data 
as  appeared  to  be  necessary,  and  to  expedite  the  completion  of  this  task.  The 
study  results  provide  a  broad  base  of  data  and  techniques  aimed  at  achieving 
the  stated  goals. 
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Direct  comparisons  of  pilot  opinion  data  and  dynamic  response  data  with  actual 
flight  test  results  are  presented  for  three  ground-based  simulator  types,  for  a 
cor  parable  series  of  pilot  tasks,  in  both  the  hover  and  the  transition  flight  re¬ 
gimes.  Data  comparisons  are  interpreted  and  discussed  in  terms  of  the  sig¬ 
nificant  factors,  which  include  simulator  type,  complexity,  dynamic  response 
characteristics,  pilot  sensitivity,  physical  environment,  and  physical  and 
psychological  cues. 

Ground-based  simulators  evaluated  in  this  study  are: 

Bell  Linearized  Fixed-Base  Simulator  (BLFB) 

Bell  Hybrid  Fixed-Base  Simulator  (BHFB) 

Ames  Linearized  Moving-Base  Simulator  (ALMB) 

Wherever  possible,  the  above  simulators  have  been  compared  with  each  other 
and  with  flight  results  for  the  following  series  of  pilot  tasks: 

Hover  Task  Category 

Height  Control 
Attitude  Control 
Forward  Translations 
Lateral  Translations 
Hovering  Turns 
Hover  in  Ground  Effect 
Hover  Dynamics 

Fixed  Operating  Point  Transition  Task  Category 


Longitudinal  Trim  and  Static  Stability 
Longitudinal  Long-Period  Dynamic  Mode 
Longitudinal  Short-Period  Dynamic  Mode 
Directional  Static  Stability 
Banked  Turns 

Lateral-Directional  Dynamic  Mode 
Lateral  Control  Response 

Continuous  Transition  Task  Category 


Conversions 

Reconversions 
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In  several  instances,  iHt  above  u*4*  «»r»  (  f  *  ««*»»*<«*  ia 

provide  insight  ini.  imlieolar  t>f  ifew  in  M  »*  J* 
and  extrapolation  of  result*  (rom  one  im(  i*,*j  in  k»  ifccf  |Vcmc  tVftiw**) 
variables  include: 

Stability  Augmentation  la*v*l 
deduced  ffcgrees  of  Preodtora 
Motion  Scaling  Effect* 


DESCRIPTION  OF  DATA  SOURCES 


FLIGHT  DATA  SOURCES 

Physical  Description  of  the  X-22A  Aircraft 

The  X-22A  is  a  V/STOL  research  aircraft  in  the  15,000-pound  weight  class. 
Flight  evaluations  to  date  have  logged  over  67  hours  of  hover  and  transition  in 
more  than  150  flights.  A  photograph  of  the  aircraft  in  hovering  flight  is  shown 
in  Figure  1.  Important  configuration  features  of  the  design  include: 

Ducted  propeller  thrust  units 

Dual  tandem  configuration  arrangement 

Duct  rotation  in  transition 

Control  by  elevons  and  propeller  blade  angles 

Two  separate  systems  are  provided  for  thrust  control.  Data  evaluated  in  this 
report  were  obtained  using  the  collective  thrust  control  mode,  which  operates 
by  a  collective  control  stick  that  controls  propeller  blade  angle  directly.  With 
this  system,  the  engine  control  levers  are  used  to  select  a  power  turbine 
governor  rpm,  which  regulates  the  power  turbine  output,  as  in  conventional 
helicopters.  The  total  collective  stick  motion  available  is  30  ,  which  requires 
approximately  9  inches  of  vertical  travel  at  the  pilot's  grip.  Thrust  vector 
rotation  for  transition  is  accomplished  by  rotating  the  ducts,  which  are  operated 
by  a  thumb  switch  located  on  the  thrust  control. 

Attitude  control  is  obtained  from  two  independent  sources  of  control  force: 

Differential  deflectior.  of  aerodynamic  flaps  located  in  the  exit  planes 
of  the  ducts. 

Differential  thrust  produced  by  variable  propeller  blade  angle. 

The  attitude  controls  are  operated  by  a  conventional  stick  and  rudder  pedals. 

In  the  different  flight  regimes,  attitude  control  is  maintained  by  appropriate 
combinations  of  elevon  and  propeller  blade  angle  deflections,  which  are  phased 
as  a  function  of  duct  angle  to  minimize  undesirable  control  coupling  (e.g.,  roll 
due  to  yaw  control  or  yaw  due  to  roll  control)  and  to  provide  desirable  handling 
qualities. 

Pitch  and  roll  stick  force  gradients  are  provided  by  an  artificial  feel  system, 
which  increases  the  gradients  with  increasing  airspeed.  Pedal  forces  are 
primarily  frictional,  with  simple  mechanical  spring  forces  available  at  the 
option  of  the  pilot. 
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The  primary  aircraft  control  system  Includes  a  dual  stability  augmentation 
system  (SAS),  Installed  in  series,  with  limited  authority  which  provides  simple 
rate  damping  in  pitch,  roll,  and  yaw.  This  system  is  used  for  the  lower  con¬ 
ventional  flight  speeds  and  is  phased  out  at  the  higher  cruise  speeds.  At  the 
option  of  the  pilot,  either  or  both  SAS  channels  can  be  switched  off. 

The  cockpit  flight  instrumentation  consists  of  two  identical  groups  of  basic 
flight  instruments  located  directly  in  front  of  each  oilot  and  on  either  side  of  an 
instrument  cluster  which  monitors  individual  engine  performance.  Flight 
parameters  displayed  in  the  flight  instrument  groups  include  airspeed,  duct 
angle,  pressure  altitude,  radar  altitude,  instantaneous  rate  of  climb,  attitude 
reference,  situation  display,  propeller  rpm,  and  time.  Engine  instruments  pre¬ 
sent  turbine  rpm,  torque,  and  exhaust  gas  temperature. 

Flight  Test  Program  Status 

At  the  beginning  of  the  study,  the  X-22A  development  and  demonstration  of  flying 
qualities  program  had  a  total  accumulated  flight  time  of  18  hours  for  46  flights. 
These  flights  had  all  been  performed  in  the  collective  thrust  control  mode,  and 
the  tests  performed  satisfied  a  major  part  of  the  hover  and  transition  flight 
data  requirements  for  the  first  Military  Preliminary  Evaluation  (MPE).  This 
group  of  tasks  and  flight  conditions  provided  the  initial  basis  for  the  review 
and  search  for  comparable  simulator  data.  Additional  data  acquired  as  the 
study  progressed  increased  the  body  of  applicable  data.  A  significant  and  un¬ 
expected  increase  in  the  amount  of  useful  data  available  occurred  as  a  result  of 
the  first  Military  Preliminary  Evaluation  (MPE-1).  This  evaluation  was  con¬ 
ducted  by  a  team  of  military  test  pilots  and  engineers  who  planned  and  per¬ 
formed  a  series  of  repeatable  flight  tasks  at  representative  test  points  spanning 
the  hover  and  transition  flight  envelope.  These  tests  reevaluated  much  of  the 
earlier  data,  expanded  its  usefulness,  and  supplied  additional  documentation  of 
pilot  rating  and  time  history  data  in  both  hover  and  transition.  The  incorpor  ¬ 
ation  of  the  MPE-1  data  with  the  previous  flight  results  provided  a  much 
broader  basis  for  comparing  simulators  with  flight. 

At  the  end  of  the  study,  the  development  and  demonstration  of  flying  qualities 
phase  of  the  flight  test  program  was  essentially  complete.  Accumulated  flight 
time  exceeded  67  hours;  these  figures  included  72  flights  and  32  hours  in  the 
collective  control  mode. 

A  representative  sample  of  these  data  covering  the  flight  envelope  has  been 
published  in  Reference  1. 
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SIMULATOR  DATA  SOURCES 


Data  accumulated  in  various  stages  of  the  X-22A  development  were  obtained 
from  three  separate  and  essentially  different  X-22A  simulations,  covering  both 
the  hover  and  the  transition  flight  regimes.  After  an  initial  review  of  the  data, 
the  three  simulations  were  set  up  and  rerun  to  provide  additional  and  directly 
comparable  test  points. 

The  scope,  original  design  objectives,  and  description  of  these  simulations  are 
contained  in  this  section.  Mechanization  details  and  equations  of  motion  are 
presented  in  Appendix  I. 

Bell  Linearized  Fixed-Base  Simulation  (BLFB) 

As  part  of  the  X-22A  program,  a  linearized  fixed-base  analog  simulation  was 
set  up  in  6  degrees  of  freedom  (DOF)  to  evaluate  the  hover  flight  regime  and 
to  assist  in  the  functional  design  of  the  cockpit  and  control  systems.  The  BLFB 
simulation  was  mechanized  so  that  it  could  be  operated  in  reduced  degrees  of 
freedom  and  at  fixed  operating  points  in  transition,  as  desired.  Its  cockpit, 
flight  controls,  and  information  displays  were  later  used  for  the  BHFB  simu¬ 
lation.  Results  obtained  with  this  simulation  provided  a  rational  basis  for 
choosing  suitable  control  configurations  and  selecting  design  values  for  various 
system  parameters,  and  gave  added  insight  into  the  aircraft  flight  behavior  in 
hover  through  firsthand  pilot  experience.  The  many  design  areas  evaluated  with 
this  simulation  include: 

Height  control  with  alternate  modes  of  thrust  control  (e.g.,  throttle  mode 

and  collective  stick  mode). 

Effect  of  thrust  response  time  lag. 

Height  and  attitude  control  power  and  damping  requirements. 

Effect  of  attitude  and  thrust  control  couplings. 

Hover  translation  and  attitude  control  characteristics. 

Stability  augmentation  levels. 

Control  force  gradients  and  breakout  force  levels. 

Control  force  trim  rates. 

Cockpit  flight  control  locations  and  functions. 
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Additional  simulations  performed  for  this  study  using  this  simulator  include 
3-DOF  longitudinal  operation  (X,  Z ,  6  )  and  4-DOF  lateral-directional  operation 
(Z,  Y ,  <t> ,  <P)  at  selected  fixed  operating  points  and  speed-duct  angle  combina¬ 
tions  in  hover,  in  addition  to  extensive  6-DOF  investigations  in  hover  and  at 
fixed  operating  points  in  transition. 

Dell  Ifybrid  Fixed-Base  Simulation  (BHFB) 


The  6-DOF  hybrid  simulation  was  developed  in  the  X-22A  program  primarily 
to  explore  the  transition  flight  regime  for  potential  problem  areas.  The  pro¬ 
gram  permits  continuous  flight  over  the  entire  flight  envelope  from  VTO 
through  transition,  to  conventional  flight,  and  back  again  to  hover  and  landing, 
with  no  loss  in  fidelity  due  to  small-angle  approximations  or  assumptions  of 
linearized  aerodynamics  that  are  often  made  to  simplify  mechanization  prob¬ 
lems. 

The  BHFB  simulation  was  used  extensively  as  a  design  tool  in  developing  good 
stability  and  control,  feel  and  trim,  and  handling  qualities  characteristics,  and 
in  evaluating  various  flight  control  techniques  and  procedures  throughout  the 
V/STOL  regime.  In  the  course  of  these  studies,  the  pilots  received  much  use¬ 
ful  preflight  training  and  developed  a  high  degree  of  confidence  in  flying  the 
X-22A  airplane. 

This  simulation  was  subsequently  used  to  evaluate  various  aspects  of  aircraft 
behavior  experienced  in  flight,  and  it  continues  to  be  used  as  a  pilot  training 
aid.  Some  of  the  design  areas  that  this  simulation  was  used  to  investigate 
include: 

Height  control  parameters  in  hover. 

Development  of  takeoff,  landing,  and  thrust  rotation  techniques. 

Control  power  and  damping  requirements  and  design  levels  in  transition. 

Stick  and  pedal  control  force  levels  in  transition. 

Lateral-directional  control  coupling  evaluation  in  transition. 

Effects  of  control  system  response  characteristics  on  handling 

characteristics. 

Piloted  maneuvers  and  evaluation  of  stability  and  control  characteristics 

in  all  flight  regimes. 
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Rate-of -descent  envelopes  and  safe  emergency-landing  footprints  for 
various  thrust -to -weight  ratios  and  duct  rotation  rates. 

Development  of  optimum  flight  control  system  phasing  and  transition 
flight  procedures. 

Piloted  analyses  of  random  control  system  failures. 

A  photograph  of  the  fixed-base  cockpit  station  is  shown  in  Figure  3.  It  consists 
of  a  pilot  seat  with  a  powered  height  adjustment,  two  side  consoles,  floor- 
mounted  hydraulically  powered  flight  controls,  and  a  forward  instrument  and 
information  display  panel.  This  cockpit  is  generally  representative  of  the 
X-22A  and  was  used  for  both  the  BHFB  and  the  BLFB  simulations. 

The  additional  BHFB  simulator  data  used  in  this  study  were  taken  from  con¬ 
current  X-22A  pilot  training  simulations  performed  in  connection  with  the 
MPE-1  flight  evaluation.  Consequently,  control  over  the  quality  of  the  data  and 
the  precise  definition  of  pilot  tasks,  required  to  make  proper  comparisons  with 
other  simulator  data  according  to  the  objectives  of  this  study,  were  secondary 
considerations  which  were  subordinated  to  the  primary  pilot  training  objectives. 
Nevertheless,  useful  ratings,  comments,  and  time  history  data  were  obtained  in 
both  hover  and  transition. 

Ames  Linearized  Moving-Base  Simulation  (ALMB) 

Prior  to  the  first  flight  of  the  X-22A,  a  relatively  brief  linearized  hover  pro¬ 
gram  was  conducted  on  the  Ames  6 -DOF  moving-base  simulator  with  the 
primary  objective  of  training  two  X-22A  test  pilots.  This  program  evaluated 
the  pitch,  roll,  yaw,  and  height  control  handling  characteristics  in  hover  for 
thrust  control  parameters  representing  both  the  collective  stick  and  the  throttle 
control  modes.  Several  visual  hover  and  air  taxi  flight  tasks  were  performed 
at  FULL,  1/2,  and  NO  SAS. 

A  photograph  of  the  simulator  installation  for  both  VFR  and  IFR  operation  is 
shown  in  Figure  2.  The  pilot  station  or  cockpit  is  installed  in  a  cab  which  is 
mounted  on  tracks  and  gimbals  providing  motion  in  6-DOF,  any  or  all  of  which 
can  be  locked  out  as  desired.  Simulator  travel  is  limited  to  an  18-foot  flight 
cube  that  is  partially  below  ground  level.  Angular  excursion  limits  are  ±40° 
about  all  three  axes.  Linear  and  angular  acceleration  capability  exceeds  the 
ranges  normally  encountered  or  anticipated  by  the  X-22A  in  hover. 

The  pilot  station  consists  of  a  fixed  pilot  seat,  conventional  flight  controls,  and 
a  forward  instrument  panel.  The  simulator  is  normally  flown  under  VFR  con¬ 
ditions  with  the  field  of  view  limited  only  by  the  ceiling,  side  walls,  and  some¬ 
times  the  floor  of  the  hangar  when  the  region  of  the  flight  cube  below  ground 
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Figure  2.  ALMB  Flight  Simulator. 
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level  in  used.  For  the  additional  simulations  reined  to  this  program,  the  In¬ 
strument  panel  wan  modified  to  represent  as  closely  ns  possible  the  Instrumen¬ 
tation  provided  In  the  OLFB  and  WiFB  simulators,  and  a  collective  stick  was 
substituted  for  the  throttle -type  thrust  control  previously  used.  Photographs  of 
the  pilot  station  showing  comparisons  of  the  flight  controls  ami  the  Instrument 
panels  of  the  fixed-  and  moving-base  simulators  are  shown  In  Figures  3  and  4. 

Additional  AL.MB  simulations  performed  as  |>art  of  this  study  were  mechanized 
using  the  updated  hybr'd  computer  capability  with  linearized  hover  derivatives. 
The  scope  of  the  additional  data  obtained  includes  evaluation  of  ground  effects, 
winds,  gusts,  and  stability  augmentation  level  for  n  series  of  simulated  hover 
tasks. 
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BLFB  and  BHFB  Flight  Simulator 
Figure  3.  Comparison  of  Simulator  Flight  Controls. 
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ALMB  Flight  Simulator 


BLFB  and  BHFB 
Flight  Simulators 
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Figure  4.  Comparison  of  Simulator  Instrument  Ban  Is. 
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METHODS  OF  ANALYSIS 


A  rationale  was  established  early  in  the  program  to  facilitate  the  initial  data 
review  and  comparison.  As  the  review  progressed,  methods  and  analytical 
techniques  were  devised  to  guide  the  review  and  to  perform  the  compilation, 
acquisition,  correlation,  and  analysis  of  data.  The  rationale,  methods,  and 
techniques  developed  are  set  forth  and  discussed  in  this  section. 

RATIONALE.  METHODS.  AND  TECHNIQUES 

The  purpose  of  the  initial  data  review  phase  was  to  establish  the  scope  of  the 
existing  data,  to  identify  common  parameters,  ard  to  develop  meaningful  cate¬ 
gories  for  the  data  comparisons.  The  categories  of  data  reviewed  included  time 
histories  of  flight  parameters,  pilot  rating  data,  and  pilot  comments. 

The  basic  approach  taken  was  to  search  out  and  compile  steady-state  and 
dynamic  response  time  history  data,  pilot  ratings  and  comments  from  each 
different  simulation  and  from  flight,  and  to  relate  these  for  comparable  values 
of  the  significant  variables,  which  include  flight  conditions,  flight  task,  aero¬ 
dynamic  and  systems  parameters,  and  aircraft  physical  parameters.  Differ¬ 
ences  in  simulator  and  flight  results  were  then  interpreted  and  discussed  in 
terms  of  inherent  differences  in  one  or  more  elements  of  the  simulations,  which 
include  simulator  type,  complexity,  and  physical  and  psychological  cues. 

Factors  Affecting  Simulator  Realism  and  Fidelity 

The  difficulty  of  comparing  handling  qualities  of  ground-based  simulators  with 
flight  is  best  placed  in  perspective  by  considering  the  almost  overwhelming 
variety  of  factors  that  require  representation.  First,  for  low-disc-loaoing,  tilt- 
thrust  V/STOL  aircraft  such  as  the  X-22A,  the  low-speed  aerodynamic  deriva¬ 
tives,  which  are  usually  represented  by  linear  functions  of  aircraft  attitude, 
are  actually  nonlinear  functions  that  also  vary  as  the  aircraft  changes  con¬ 
figuration  between  hover  and  conventional  flight.  Such  aircraft  also  experience 
large  aerodynamic  power  effects.  Control  system  functions  in  transition 
generally  require  phasing  to  maintain  the  effectiveness  of  the  flight  controls. 
Hence,  the  control  functions  are  also  complex  functions  of  speed,  configuration, 
control  deflection,  and  power,  making  the  representation  of  control  power, 
control  sensitivity,  control  cross -coupling,  and  control  forces  more  difficult. 

In  the  X-22A,  the  levels  of  stability  augmentation  and  the  sensitivity  of  the  pro¬ 
pulsion  system  control  also  vary  in  transition.  Equations  of  motion  that  simu¬ 
late  transition  should  accommodate  both  the  nonlinear  characteristics  and 
the  variations  in  configuration.  The  degree  of  accuracy  to  which  these  factors 
are  represented,  and  the  number  and  nature  of  simplifying  approximations 
made,  affect  the  realism  and  degree  of  fidelity  of  the  mathematical  model  in 
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representing  the  static  and  dynamic  characteristics  of  flight;  the  more  exact  the 
model,  the  more  complex  and  expensive  the  simulation.  For  many  design  pur-  > 

poses,  simplifications  that  minimize  equipment  requirements  can  usually  be 
justified.  Such  simplifications  include  small-angle  approximations,  linearization 
of  aerodynamic  stability  and  control  derivatives  at  specific  operating  conditions, 
reduced  degrees  of  freedom,  and  fixed-base  simulations. 

Other  factors  affecting  simulator  realism  and  fidelity  are  related  to  the  type  and 
nature  of  the  cockpit  instrumentation.  These  factors  are  particularly  important 
for  IFR  flight  conditions  or  in  fixed-base  simulators,  where  the  pilot  receives 
the  necessary  flight  information  and  cues  from  visual  presentations  of  key 
parameters  which  are  normally  perceived  over  wider  ranges  by  a  combination 
of  visual,  kinesthetic,  aural,  and  vestibular  sensations;  the  flight  envelope  of 
useful  simulation  is  directly  related  to  the  inherent  limitations  of  the  flight  in¬ 
formation  presented,  independent  of  the  mathematical  model . 

Still  other  factors  affecting  simulator  realism  and  the  fidelity  of  dynamic  re¬ 
sponse  are  related  to  moving-base  simulation.  These  factors  include  the 
physical  limitations  imposed  on  the  linear  and  angular  displacements,  the 
lack  of  realistic  visual  cues  for  higher  speed  applications,  and  the  introduction 
of  extraneous  cues  associated  with  the  operation  of  the  motion  equipment.  These 
factors  introduce  perceptual  limitations  in  the  form  of  unrealistic  visual,  aural, 
vestibular ,  and  kinesthetic  cues  that  can  evoke  distorted  pilot  reactions  and 
negate  some  of  the  apparent  advantages  of  moving-base  simulations  in  certain 
applications . 

Categories  of  Factors  and  Tasks 

The  many  factors  affecting  the  data  were  resolved  into  two  broad  but  essentially 
different  categories:  factors  in  common  and  variable  factors  (itemized  in  Table 
I).  The  first  category  contains  those  factors  that  must  be  controlled  to  represent 
the  aircraft  flight  behavior  properly;  it  includes  aerodynamic  parameters,  air¬ 
craft  physical  parameters,  most  simulated  aircraft  system  variables,  pilots, 
flight  conditions,  and  flight  tasks.  The  second  category  contains  those  less 
controllable  factors  that  may  or  may  not  differ,  depending  on  individual  simu¬ 
lator  characteristics;  it  includes  most  elements  of  the  simulation,  such  as 
simulator  type,  mechanization  of  equations  of  motion,  degrees  of  freedom,  in¬ 
formation  displays,  physical  environment,  and  physical  and  psychological  "ies. 

Some  of  these  factors  can  be  controlled  to  an  extent  during  simulator  design  to 
improve  the  realism  and  uniformity  between  different  simulations  of  a  particular 
aircraft,  but  most  require  interpretation  in  terms  of  the  individual  simulator 
type .  In  making  the  initial  data  review  all  of  these  factors  were  kept  in  mind, 
but  the  common  factors  category  was  foremost,  since  a  significant  discrepancy 
there  would  jeopardize  the  data  comparisons. 
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TABLE  I.  FACTORS  AFFECTING  SIMULATION  FIDELITY 


Factors  in  Common 

Variable  Factors 

Aerodynamic  Parameters 

Simulator  Type 

Aircraft  Physical  Parameters 

Equations  of  Motion 

Control  System  Parameters 

Degrees  of  Freedom 

Feel  System  Parameters 

Information  Displays 

Propulsion  System  Parameters 

Physical  Environment 

Pilots 

Physical  and  Psychological  Cues 

Flight  T.  sks 

Flight  Conditions 

Factors  in  Common 


In  the  selection  and  generation  of  the  comparable  data  in  this  program, 
factors  in  this  catego;  j  were  carefully  controlled.  As  a  result,  there  is 
an  abundance  of  commonality  among  pilots,  flight  conditions,  flight  tasks, 
aerodynamic  stability  and  control  parameters,  and  system  characteristics. 
The  basis  of  comparison  is  given  in  this  section.  All  aerodynamic  and 
system  parameters  are  based  on  the  final  preflight  estimated  character¬ 
istics  of  the  X-22A,  published  in  References  2  through  8.  All  simulator 
data  are  based  on  nominal  estimated  values  of  the  final  aircraft  physical 
parameters,  as  given  in  Table  II. 


TABLE  H.  AIRCRAFT  PHYSICAL  PARAMETERS 


Weight 

14,700  lb 

Rolling  Moment  of  Inertia,  ^ 

15,000  slug -ft 

Pitching  Moment  of  Inertia,  I 

32,000  slug -ft' 

Yawing  Moment  of  Inertia,  I 

45,000  slug-ft 

Product  of  Inertia,  I 

xz 

4,650  slug-ft^ 

Center  of  Gravity,  Station 

312  in. 

Center  of  Gravity,  Waterline 

138.7  in. 

Aerodynamic  derivatives  used  for  the  linearized  simulations,  BLFB  and 
ALMB,  are  listed  in  Table  III.  These  values  were  developed  from  the 
BHFB  nonlinear  data  tables  as  equivalent  linear  values  at  the  flight  con¬ 
ditions  noted. 

Estimated  FULL  SAS  levels  provided  in  the  X-22A  are  compared  in 
Table  IV  to  the  levels  used  for  FULL  SAS  in  the  various  simulation  pro¬ 
grams.  Variations  ranging  from  FULL  SAS  down  to  NO  SAS  were 
generally  evaluated  in  each  program  to  provide  a  convenient  means  of 
interpolating  or  extrapolating  the  data  to  a  common  SAS  level.  This 
refinement  was  necessary  because  of  differences  in  the  FULL  SAS 
levels  of  the  existing  simulator  data,  which  came  about  as  the  result 
of  periodic  reassessments  of  pilot- recommended  SAS  levels  with  in¬ 
creasing  flight  experience  in  the  aircraft.  These  differences  in  SAS 
have  been  accounted  for  in  interpreting  and  summarizing  the  final 
results,  but  the  detailed  data  compilations  presented  in  Appendix  II 
are  uncorrected. 
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TABLE  HI.  AERODYNAMIC  DERIVATIVES  USED  FOR  THE 

LINEARIZED  SIMULATIONS 

F.O.P. 

Transition 

Derivative 

Hover 

A  =30° ,  V  =  80  kn 

(Body  Axes) 

(a  =  3.5°) 

o 

O 

II 

CJ 

Units 

Xu 

-0.233 

-0.164 

1/sec 

Xw 

0 

-0.072 

l/sec 

Y 

V 

-0.245 

-0.264 

1/sec  | 

Y 

p 

-0.774 

-1.098 

2 

(ft/sec  ) /(rad/sec) 

Yr 

0 

0.842 

2 

(ft/sec  ) /(rad/sec) 

Zu 

0.00275 

-0.253 

l/sec 

zv 

0.00275 

0 

l/sec 

zw 

-0.098 

-0.525 

l/sec 

Mu 

0.0224 

-0.00326 

2 

(rad/sec  ) /(ft/sec) 

Mw 

0 

-0.00834 

(rad/sec2) /(ft/sec) 

Mq 

-0.13 

-0.57 

l/sec 

W 

-0.056** 

-0.044 

(rad/sec  ) /(ft/sec) 

lp 

-0.30 

-1.873 

l/sec 

Lr 

0.177 

0.727 

l/sec 

L*rp 

0 

0.033 

2 

(rad/sec  )/in. 

L  8  rp/V 

0 

-0.00337 

rad/(ft-sec-in.) 

2 

Nv 

0.0006 

0.006 

(rad/sec  )/(ft/sec) 

Np 

0 

-0.025 

l/sec 

N* 

-0.148 

0.25 

l/sec 

N  8 
a  rs 

0 

0.0192 

2  1 
(rad/sec  )/in. 

N  8  , 

8  rs/V 

-0.0006 

-0.0005 

rad/(ft-sec-in.) 

*  Values  given  are  basic  airframe. 

**  This  value  was  Msed  in  the  BLFB  and  ALMB.  A  value  of  -0.0394  was  used 

in  the  BHFB. 

TABLE  IV.  COMPARISON  OF  FULL  SAS  LEVELS  (1/sec) 
FOR  SIMULATORS  AND  AIRCRAFT 


F.O.P.  Transition 

Hover 

A=  30°,  V  =  80  kn 

Case 

Axis 

— 

Aug 

Unaug 

Aug 

Unaug 

X-22A 

Pitch 

-6.2 

-0.13 

mm 

-0.67 

(Est) 

and 

BLFB 

Roll 

-5.9 

-0.283 

H 

-1.9 

Yaw 

-2.1 

-0.15 

i 

-0.38 

BHFB 

Pitch 

-3.45 

-0.13 

-3.0 

-0.67 

Roll 

-4.5 

-0.283 

-1.7 

-1.9 

Yaw 

-1.0 

-0.15 

-0.98 

-0.38 

ALMB 

Pitch 

-6.2 

(-8.0) 

-0.13 

m 

-0.67 

Roll 

-5.9 

(-10.0) 

-0.283 

H 

-1.9 

Yaw 

-2.1 

-0.15 

-0.38 

NOTE:  1/2  SAS  =  Unaug  +[^r] 


Values  in  parentheses  were  used  for  the  bulk  of  the  ALMB 
program,  on  recommendation  of  MPE  pilots  who  felt  that 
they  were  more  representative  of  the  aircraft.  Lower 
values  apply  to  Pilot  H  only. 
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Control  powers,  control  travel,  and  feel  system  parameters  were  essen¬ 
tially  the  same  as  the  aircraft  design  levels  for  all  simulations.  These 
characteristics  are  compared  in  Table  V  for  the  hover  control  mode. 


TABLE  V.  HOVER  CONTROL  SYSTEM  PARAMETERS 

Control  Force 

Breakout 

Gradient 

(lb) 

(lb/in.) 

Control 

Control 

Control 

BLFB 

BLFB 

Axis 

Power 

Motion 

& 

& 

BHFB 

ALMB 

FLT 

BHFB 

ALMB 

FLT 

Pitch 

2 

3.40  rad/sec 

5.6  in. 

1.21 

0.5 

0.5 

1.0 

0.8 

1.2 

Roll 

2 

3.25  rad/sec 

5.2  in. 

1.13 

0.25 

0.5 

1.1 

0.8 

1.2 

Yaw 

0.70  rad/sec2 

3.25  in. 

3.0 

2.5 

5.0 

0  to 

5 

0 

0 

Collective 

1.35  g 

9.0  in. 

“ 

- 

Optional 

Friction 

Setting 
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Propulsion  system  thrust  level,  response  time  lag,  and  thrust  control 
sensitivity  were  also  based  on  final  wind  tunnel  and  systems  test  results 
for  the  collective  control  mode.  These  characteristics  vary  continuously 
with  forward  speed  in  transition.  Selected  values  for  hover  and  fixed 
operating  point  transition  at  A  =  30u ,  V  =  80  kn,  are  given  in  Table  VI. 


TABLE  VI.  THRUST  CONTROL  AND  PROPULSION  SYSTEM 

PARAMETERS  (COLLECTIVE  MODE) 

F.O.P.  Transition 

Parameter 

Hover 

A-  30c,  V  =  80  kn 

T 

max  lb 

19,800 

14,800 

r  sec 

0.2 

0.2 

8  T 

Z  g/in. 

8  T 

0.15 

NA 

The  list  of  flight  conditions  and  flight  tasks  evaluated  in  the  study  was 
developed  from  an  initial  examination  of  the  available  flight  data  to 
facilitate  a  more  specific  search  of  the  simulator  data.  The  list  includes 
only  well -performed  flight  tasks.  Incompletely  documented  tasks  and 
those  considered  to  be  inappropriate  to  the  simulations  being  compared 
are  excluded.  Tasks  in  the  final  list,  as  presented  in  Table  VII,  represent 
those  for  which  data  comparisons  were  made.  All  tasks  are  broadly 
covered  by  simulator  data  as  a  result  of  the  existing  and  additional  simu¬ 
lator  programs. 
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TABLE  VII.  FLIGHT  TASK  CATEGORIES 


Hover  Task  Category 

Height  Control  -  Holding  heading 
Attitude  Control  -  Holding  attitude 

Translations  Forward,  Aft,  and  Laterally  at  Steady  Altitude 
Hovering  Turn  Performance 
Hover  In  Ground  Effect 
Dynamic  Flight  Tasks  In  Hover 

Fixed  Operating  Point  Transition  Task  Category 

Longitudinal  Trim  and  Static  Stability 
Longitudinal  Long- Period  Dynamic  Mode 
Longitudinal  Short- Period  Dynamic  Mode 
Directional  Static  Stability 
Banked  Turns 

Lateral-Directional  Dynamic  Mode 

Continuous  Transition  Task  Category 

Conversions  at  Steady  Altitude 
Reconversions  at  Steady  Altitude 


Variable  Factors 

The  nsture  of  most  factors  in  this  category  of  Table  I  is  inherent  in  the 
simulator  type.  Individually,  they  are  difficult  to  isolate  or  to  define  in 
specific  terms.  Hence,  results  should  be  viewed  on  an  overall  basis  as 
reflecting  fundamental  and  inherent  differences  that  exist  between  one 
simulator  type  and  another  or  between  individual  simulators  and  flight. 
These  variable  factors  can  affect  the  data  indirectly,  by  the  sometimes 
subtle  differences  in  physical  and  psychological  cues  which  the  pilot  needs 
to  perceive  his  flight  situation  and  to  perform  his  tasks.  These  cues  and 
stimuli  can  stem  from  many  sources,  including  cockpit  motion,  peripheral 
vision,  cockpit  environment,  cockpit  instrumentation,  control  forces  and 
movements,  general  noise  and  vibration  levels,  and  changes  in  sound  level 
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as  the  result  of  pilot  action,  the  precise  definition  of  which  is  the  subject 
of  current  study  by  a  variety  of  organizations  and  individuals. 

Since  the  breadth  of  this  study  precluded  the  isolation  and  evaluation  of 
all  of  these  factors  individually,  their  impact  on  the  results  was  reduced 
to  a  practical  minimum  by  the  exercise  of  control  over  the  experimental 
design.  For  example,  essentials  of  the  physical  environment  were  con¬ 
figured  to  be  the  same;  that  is,  the  pilot  station  layout  and  the  locations, 
forces,  and  motions  of  the  flight  controls  were  the  same  in  the  simulators 
as  in  flight.  Flight  information  displays  and  their  locations  were  also 
basically  the  same  in  all  simulators.  Computational  differences  in  the 
equations  of  motion  among  the  different  simulators  were  evaluated  by  an 
analysis  of  the  static  and  dynamic  responses  to  pilot  inputs  at  fixed 
operating  points,  as  compared  to  flight;  selected  examples  are  presented 
and  discussed  in  Appendix  III.  Results  of  this  analysis  demonstrate  that 
there  is  no  significant  influence  of  the  differences  in  the  mathematical 
models  among  the  simulators  for  flight  tasks  performed  at  fixed  operating 
points,  and  that  responses  in  the  simulator  agree  with  responses  in  flight, 
within  the  ability  of  the  pilot  to  detect  a  difference.  Other  comparisons  of 
control  positions  and  flight  attitude  from  continuous  transitions  performed 
in  the  BHFB  simulator  with  flight  results  show  that  the  nonlinearized 
aerodynamics  in  transition  were  representative. 

In  addition,  some  of  the  variable  factors  were  evaluated  to  a  limited  ex¬ 
tent  as  independent  variables  to  aid  In  understanding  and  interpreting  the 
numerical  pilot  ratings.  Relative  effects  of  reduced  degrees  of  freedom 
were  evaluated  independently  in  the  BLFB  simulator.  Relative  effects 
of  cockpit  motion  were  investigated  by  a  limited  evaluation  of  linear 
motion  scaling  in  the  ALMB  simulator  over  a  range  from  1/10  actual 
to  true  motion.  Results  and  implications  of  these  brief  side  studies  are 
discussed  under  Analysis  and  Discussion  of  Simulator  Data  Correlations 
with  Flight.  These  foregoing  measures  served  to  materially  reduce  the 
number  of  unknown  influences  in  the  final  results. 

Pertinent  details  of  the  BLFB,  BHFB,  and  ALMB  simulators  relevant  to 
the  variable  factors  category  are  presented  and  discussed  in  other  sections 
of  the  report;  some  are  under  Description  of  Simulators,  and  others  are 
in  Appendix  I  which  contains  details  of  the  equations  of  motion  and 
mechanization.  The  various  sources  of  physical  and  psychological  cues 
and  stimuli  were  classified  into  the  following  six  categories:  visual, 
aural,  vestibular  and  kinesthetic,  tactile,  olfactory,  and  physical  and 
environmental  features,  which  are  compared  in  Table  VIII.  The  degree  to 
which  each  of  the  three  simulators  represented  the  aircaft  in  each 
category  is  implicit  in  the  comparisons. 
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effect*  tu 


DATA  BASIS 


Data  employed  in  this  study  consist  of  quantitative  pilot  ratings,  qualitative 
pilot  comments,  and  time  history  records  of  all  significant  flight  parameters. 
Pilots  providing  these  data  were  all  highly  trained,  experienced  handling 
qualities  evaluation  pilots.  No  single  task  was  performed  by  less  than  two  pilots, 
and  many  were  performed  by  as  many  as  seven  pilots.  Pilot  rating  results 
obtained  were  evaluated  task  by  task  and  were  interpreted  in  terms  of  signifi¬ 
cant  variables  of  the  study  and  with  respect  to  pilot  comments  and  an  evaluation 
of  the  time  history  records.  Intuitive  and  engineering  judgments  of  the  effects 
of  pilot  background  and  temperament  were  made  where  appropriate. 

Pilot  Sample 

The  pilot  group  consisted  of  the  Bell  X-22A  test  pilots  and  the  MPE-1  Tri- 
Service  evaluation  team,  which  included  pilots  from  each  of  the  three  service 
branches.  All  of  these  pilots  have  flown  the  X-22A  aircraft  in  hover,  made 
complete  transitions  in  both  directions,  and  evaluated  certain  selected  fixed 
operating  points  in  the  transition  flight  regime.  The  individual  pilot  particip¬ 
ation  in  the  various  simulators  is  summarized  in  Table  IX.  The  overlapping 
coverage  provided  by  the  use  of  such  a  broad  pilot  sample  enhances  the  value 
of  the  data  correlations  by  adding  an  important  element  of  consistency  among 
the  various  simulations  and  flights . 


TABLE  IX.  SUMMARY  OF  PILOT  PARTICIPATION 

Simulator 

Pilot 

A 

B 

c 

D 

E 

F 

G 

H 

BLFB 

- 

- 

- 

- 

- 

X 

- 

X 

ALMB 

- 

X 

X 

X 

X 

X 

X 

X 

BHFB 

X 

- 

X 

X 

- 

X 

- 

X 

Flight 

X 

X 

X 

X 

X 

X 

X 

X 
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Pilot  Rating  Data 


Since  the  numerical  Cooper  pilot  rating  scale  was  proposed  in  Reference  9  as 
a  quantitative  means  of  evaluating  handling  qualities,  many  investigators  have 
successfully  employed  the  technique  to  gain  insight  and  understanding  of  the 
man-machim*  relationships  in  a  wide  range  of  flight  and  simulator  research 
applications.  Areas  that  have  been  investigated  include  criteria  for  acceptable 
handling  qualities,  design  requirements  for  stability  and  control,  and  thresholds 
of  pilot  sensitivities  and  tolerances  to  specific  handling  qualities  dynamic 
parameters.  As  a  result  of  broad  usage,  the  Cooper  scale  has  become  generally 
accepted  in  the  handling  qualities  field.  Numerous  studies  in  the  literature  have 
used  this  approach  and  have  established  and  expressed  confidence  in  the  validity 
of  the  pilot  rating  data  in  spite  of  the  somewhat  subjective  aspects  of  pilot 
opinions  in  general.  Based  or.  their  experience  in  this  line,  McRuer  et  al  state 
in  Reference  10  that  "In  fact  skilled  pilots  (such  as  the  group  employed  in  the 
present  study)  can  deliver  highly  selective  and  reliable  relative  measures  of 
system  behavior"  and  that  "these  judgments  ...  do  not  exhibit  the  extreme 
variability  common  to  opinion  polls."  By  using  such  a  highly  skilled  pilot 
sample,  thresholds  of  pilot  sensitivity  and  tolerance  to  individual  dynamic 
response  parameters  that  affect  the  handling  qualities  of  conventional  aircraft 
were  defined  by  Newell  in  Reference  11.  That  report  confirms  that  the  handling 
qualities  evaluation  comments  that  are  given  by  an  expert  handling  qualities 
evaluation  pilot  art;  directly  applicable  to  all  pilots  and  are  not  biased  by  any 
unusual  characteristics  that  might  be  attributed  to  handling  qualities  pilots 
as  a  group.  The  report  also  states  the  fact  that  the  standard  deviation  of  pilot 
ratings  (for  a  given  pilot  task)  is  near  to  and  often  less  than  1  pilot  rating  unit  , 
and  uses  this  measurement  as  the  definition  of  threshold  of  pilot  sensitivity  to 
individual  dynamic  response  parameters.  This  line  of  investigation  was  ex¬ 
tended  to  helicopters  and  V/STOL  aircraft  by  Streiff  in  Reference  12,  where  the 
threshold  of  pilot  sensitivity  was  considered  to  be  1/2  pilot  rating  unit  based 
on  data  presented  in  Reference  13,  which  shows  that  individual  pilots  correlate 
with  the  group  average  with  an  average  deviation  of  approximately  1/2  pilot 
rating. 

The  use  of  pilot  rating  data  in  this  report  as  a  primary  source  of  quantitative 
handling  qualities  data  is  based  on  these  considerations.  In  deriving  the  cor¬ 
relations  presented  between  simulators  and  flight,  pilot  ratings  obtained  for 
any  given  task  were  averaged.  Only  data  that  could  be  interpolated  to  account 
for  variables  in  the  factors  in  common  category  were  used.  Good  agreement 
was  generally  obtained  among  pilots  for  any  given  task,  so  that  trends  of 
averaged  data  are  considered  to  be  accurate  to  within  1/2  pilot  rating.  The 
variations  of  pilot  rating  data  among  the  individual  pilots  for  each  task  are 
presented  in  the  compilations  of  Appendix  II. 
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Acquisition  of  both  pilot  ratings  and  pilot  comments  was  expedited  through  the 
use  of  a  comprehensive  series  of  pilot  oebriefing  questionnaires  that  were 
developed  specifically  to  evaluate  elementary  control  tasks  in  hover  and  transi¬ 
tion.  A  multiple -choice  format  consisting  of  five  relative -value  adjectives  for 
each  task  was  used.  An  example  questionnaire  showing  the  breadth  of  detail 
and  general  format  is  given  in  Figure  5.  These  questionnaires  proved  to  be 
extremely  useful  in  gathering,  organizing,  and  correlating  the  data  lask  by  task. 

Pilot  Rating  Scale 

The  pilot  rating  scale  used  for  these  tests  was  condensed  for  the  convenience  of 
the  pilots.  The  condensation  was  based  on  the  revised  Cooper  rating  scale  which 
has  been  published  in  Reference  14.  The  actual  form  used  is  presented  in 
Table  X. 

Time  History  Records 

Continuous  time  histories  of  significant  flight  parameters  were  recorded  in 
conjunction  with  all  flight  tasks  performed,  both  in  the  simulators  and  in  flight. 
To  simplify  analyses,  record  formats,  parametric  scalings,  and  paper  speeds 
were  standardized.  Voice  recordings  of  pilot  comments  were  made.  Simul¬ 
taneous  records  were  synchronized  and  individual  tasks  were  identified  as  the 
records  were  being  made  to  facilitate  the  subsequent  data  correlation  and 
analysis.  The  validity  of  the  aerodynamic  representation  in  the  various  simu¬ 
lations  is  demonstrated  by  analysis  and  comparison  of  static  and  dynamic 
simulator  results  with  flight.  Details  of  these  analyses  are  g.  en  in  Appendix  III. 
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Sample  Pilot  Debriefing  Questionnaire 


TABLE  X.  REVISED  PILOT  RATING  SCALE  * 


Acceptable/Satisfactory 


Excellent 


Good 


Good  enough  without  improvement 
Acceptable/Unsatisfactory  -  Mission  degraded 
Annoying  -  improvement  requested 
Mildly  objectionable  -  improvement  needed 
Very  objectionable  -  major  improvements  needed 
Unacceptable  -  Mission  performance  seriously  impaired 
Inadequate  for  Mission  -  improvement  mandatory 


Controllable  with  difficulty  -  substantial  pilot  attention  required 

Marginally  controllable  -  maximum  available  pilot  attention 

required 


Uncontrollable  -  Mission  impossible 


*  Adapted  from  CAL  Report  153  . 
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ANALYSIS  AND  DISCUSSION  OF  SIMULATOR  DATA 
CORRELATIONS  WITH  FLIGHT 


In  this  section  averaged  pilot  rating  data  are  summarized  task  by  task  and  are 
compared  with  flight  for  each  major  flight  task  category.  Results  in  each  cate¬ 
gory  are  discussed  and  interpreted  with  respect  to  pilot  comments  and  dynamic 
response  time  history  data. 

The  broadest  data  coverage  was  obtained  for  the  hover  task  category,  where 
cases  to  compare  with  flight  are  presented  for  all  simulators  and  most  tasks. 
The  next  broadest  coverage  was  obtained  for  the  fixed  operating  point  transition 
task  category,  where  comparisons  for  longitudinal  tasks  were  made  with  flight 
for  all  simulators.  Lateral-directional  dynamics  at  fixed  operating  points  in 
transition  are  compared  with  flight  for  the  fixed- base  simulations;  they  were 
not  compared  for  the  ALMB  because  of  difficulties  experienced  with  its  mechani¬ 
zation.  For  the  continuous  transition  task  category,  flight  results  are  compared 
with  results  from  the  BHFB  simulation  because  it  is  the  only  simulator  that  can 
perform  continuous  transitions  at  the  present  time. 

Summaries  of  tasks  in  each  category  are  based  on  analysis  of  the  detailed  com¬ 
pilations  of  pilot  rating  s  and  comments  presented  in  Appendix  II.  Summarized 
data  include  appropriave  corrections  for  any  differences  in  SAS  levels,  among 
cases  compared.  ResuLs  represent  the  consensus  of  pilot  opinion  of  simulated 
characteristics  of  the  basic  X-22A  as  compared  to  flight.  Significant  correla¬ 
tions  and  conclusions  based  on  trends  of  pilot  ratings  and  comments  with  other 
variables  and  factors  evaluated  are  contaired  in  the  discussions  of  the  individual 
tasks  presented  and  analyzed  in  the  following  sections. 

HOVER  TASK  CATEGORY 


Pilot  ratings  and  interpretations  of  pilot  comments  for  the  series  of  hover  tasks 
evaluated  in  the  different  simulations  are  summarized  and  correlated  with  flight 
results  in  Table  XI. 

Height  Control  Task 


Compared  with  flight,  overall  ratings  of  the  height  control  task  ran  approxi¬ 
mately  1/2  unit  more  difficult  on  the  fixed-base  simulators  and  1/2  unit  easier 
or  the  moving-base  simulators.  Although  opinion  varied  among  individual 
pilots,  the  consensus  was  that  the  overall  height  control  task,  in  hover,  trans¬ 
lation,  and  in  climb  and  descent  maneuvers,  was  reasonably  representative  of 
the  aircraft  In  all  simulators.  This  observation  is  substantiated  by  the  evalua¬ 
tion  of  height  response  to  collective  stick  inputs  presented  in  Appendix  III.  A 
6-DOF  linearized  simulation  was  judged  to  be  the  minimum  adequate  for  pilot 
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TABLE  XI  SUMMARY  OF  PILOT  RATINGS  AND  COMMENTS  FOR  THE  HOVER  TASK  CATEGORY 


to  It  l-L  *A5  indrilm  air  nrrpt  mhari  ■  noird 


training.  Cockpit  motion  is  also  highly  preferable,  especially  when  handling 
qualities  are  borderline. 

Both  the  BLFB  and  the  BHFB  are  considered  to  be  equivalent  for  the  height 
control  task  on  the  basis  of  the  pilot  ratings  and  comments  received  and  the 
comparisons  of  dynamic  response  time  histories.  The  fixed-base  simulators 
were  considered  to  be  more  difficult  to  fly  than  the  aircraft,  because  the  verti¬ 
cal  cues  provided  were  generally  inadequate  substitutes  for  the  visual  motion 
cues  available  in  flight.  Pilots  with  the  most  experience  in  these  simulators 
felt  that  vertical  rate  was  a  prime  cue,  because  it  helped  them  to  anticipate 
height  changes,  but  pilots  with  less  simulator  time  found  it  difficult  to  use.  In 
general,  pilots  seemed  to  be  able  to  hover  and  maintain  altitude  satisfactorily 
after  a  reasonable  amount  of  practice.  Performance  of  the  task  \yas  imparied 
by  the  lack  of  a  hand  support  for  making  small  adjustments  to  the  collective 
stick  which  had  a  tendency  to  drop  slightly  from  the  set  position.  These  factors 
probably  contributed  to  some  slight  degradations  in  simulator  ratings  relative 
to  flight,  but  the  effect  on  the  data  is  believed  to  be  uniform  since  the  same 
collective  stick  was  used  for  all  simulators. 

The  fact  that  the  ALMB  rated  easier  than  flight  is  attributed  to  the  unobstructed 
view  from  the  cockpit  that  provides  even  better  peripheral-vision  cues  than  are 
available  in  the  aircraft.  Still  another  factor  is  an  unconscious  tendency  of  the 
pilot  to  maintain  a  tighter  control  loop  in  the  ALMB  than  in  the  aircraft  in  his 
efforts  to  stay  well  within  the  confines  of  the  flight  cube.  In  this  way,  adverse 
aerodynamic  effects  that  have  been  included  in  the  simulation  are  prevented 
from  developing  as  they  do  in  flight,  where  the  unlimited  flight  space  encourages 
a  more  relaxed  pilot  control  loop.  Vestibular  motion  cues  were  judged  to  play 
a  relatively  minor  role  in  the  height  control  task,  because  vertical  accelera¬ 
tions  in  hover  are  ordinarily  low  and  were  masked  to  a  large  extent  by  turbu¬ 
lence  which  was  introduced  by  the  gus..  model.  Without  gusts,  slightly  better 
ratings  were  obtained. 

All  simulations  were  judged  to  be  generally  representative  of  the  aircraft,  in 
that  steady  hover  and  rates  of  climb  and  descent  could  be  readily  established 
and  maintained,  and  there  was  essentially  no  attitude  coupling  with  thrust  con¬ 
trol  inputs.  As  in  the  aircraft,  height  control  in  translation  was  more  difficult 
than  in  climb  and  descent  because  of  vertical  and  angular  acceleration  charac¬ 
teristics  which  accompany  translation  and  which  degrade  the  height  control 
rating  by  about  1  unit. 

With  decreasing  SAS  levels,  the  height  control  task  remains  the  same,  but  the 
ratings  suffer  a  gradual  erosion  due  co  increasing  levels  of  work  load  and  pilot 
concentration  required  for  attitude  control.  Reductions  from  FULL  to  1/2  SAS 
are  generally  in  a  range  of  low  pilot  sensitivity,  where  for  a  wide  range  the 
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effect  on  handling  qualities  of  changes  in  SAS  parameters  is  very  nearly  within 
the  threshold  of  the  pilot's  ability  to  detect.  Pilot  ratings  received  in  this  range 
were  only  moderately  degraded  for  both  fixed-  and  moving-base  simulators. 

For  the  height  control  task,  this  degradation  amounted  to  approximately  1  unit 
in  the  fixed  base  and  3/4  unit  in  the  moving  base.  Further  decreases  in  SAS 
level  enter  the  range  of  higher  pilot  sensitivity,  where  the  differences  in  cues 
between  fixed-  and  moving-base  simulations  are  much  more  significant.  As 
the  work  load  increases,  the  pilot  spends  more  and  more  time  on  the  attitude 
control  task,  so  that  he  tends  to  withdraw  his  attention  from  the  height  control 
loop  and  tolerates  increasingly  greater  variations  in  altitude.  With  the  visual 
and  motion  cues  available  in  the  ALMB,  several  pilots  evaluated  the  condition 
of  NO  SAS,  giving  the  height  control  task  an  average  rating  that  was  degraded 
3  units  from  the  FULL  SAS  condition.  In  comparison,  most  pilots  were  unable 
to  fly  the  fixed-base  simulations  with  NO  SAS,  a  fact  which  emphasizes  the 
importance  of  visual  and  motion  cues  at  the  reduced  levels  of  damping. 

Attitude  Control  Task 


The  summary  of  pilot  ratings  for  attitude  control  in  hover  that  appears  in 
Table  XI  displays  good  agreement  with  flight  results.  Ratings  for  all  simu¬ 
lators  agree  with  flight  results  within  ±1/2  pilot  rating  unit,  which  is  ordinarily 
considered  to  be  within  the  threshold  of  pilot  sensitivity.  Because  of  the  in¬ 
herently  high  control  powers  and  sensitivities,  attitude  response  to  control  was 
immediate  about  all  axes;  most  control  inputs  consisted  of  very  small  amplitude 
control  spikes.  In  general,  roll  attituci  was  rated  slightly  more  difficult  to  con¬ 
trol  than  pitch,  particularly  in  higher  steady-wind  conditions,  where  duct 
rotation  could  be  used  to  alleviate  the  pitch  attitude  but  not  the  roll  attitude.  In 
the  ALMB  and  in  flight,  the  procedure  of  trimming  the  higher  pitch  attitudes 
with  duct  rotation  war.  actually  preferred  by  all  pilots.  With  the  fuselage 
relatively  level,  the  pilots  were  better  able  to  Judge  the  effects  of  control  Inputs 
and  to  avoid  the  disorientation  that  occurs  when  pitch  attitude,  and  hence  their 
own  physical  orientation,  departs  excessively  from  the  accustomed  norm. 

In  the  aircraft,  the  yaw  axis  is  rated  the  best  control  axis  in  hover.  The  rudder 
pedals  arc  very  effective,  and  yaw  control  activity  in  steady  hover  is  minimal. 
There  is  a  slight  tendency  to  settle  in  height  with  yaw  control  inputs,  but  there 
is  no  other  coupling  due  to  yaw  control,  In  the  simulators,  the  yaw  axis  is  also 
considered  to  be  best.  Ratings  in  the  ALMB  agreed  best  with  flight,  probably 
because  of  the  better  visual  cues  and  the  tighter  control  loop  required  by  the 
limited  flight  cube  Ratings  in  the  RLFI1  and  HIIFB  average  approximately 
1  unit  worse  than  flight  The  difference  in  rating  is  attributed  to  persistent 
difficulties  with  yaw  trim  drift,  which  is  a  typical  complaint  for  IFII  tasks 
even  for  in-flight  tasks  The  fixed-base  yaw  control  ratings  were  also  degraded 
because  o|  the  nature  of  the  yaw  display,  which  was  considered  to  be  a  poor  and 
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unrealistic  presentation.  Suggested  improvements  included  the  simulation  of 
peripheral-vision  yaw  rate  cues  in  some  form. 

The  stabilized  hover  task  in  the  fix-id-base  simulator  was  considered  to  be 
roughly  equivalent  to  the  moving  base,  despite  a  different  piloting  technique 
that  was  used.  The  difference  arises  from  the  realistic  physical  attitude  cues 
developed  in  a  moving-base  simulator  in  steady  winds  (and/or  during  trans¬ 
lation  maneuvers).  These  cues  are  generally  helpful  and  increase  in  impor¬ 
tance  as  damping  levels  and  visual  attitude  cues  diminish.  In  fixed-base  simu¬ 
lators,  these  physical  cues  are  obtained  by  continuously  scanning  the  attitude 
scope  presentation.  From  the  ratings  and  comments  received  for  near-optimum 
levels  of  damping,  the  stabilized  hover  task  is  judged  to  be  relatively  easy  and 
compares  reasonably  well  with  flight,  whether  performed  as  a  VFR  or  an  IFR 
simulator  task. 

With  decreasing  SAS  levels  in  the  aircraft  and  in  all  simulators,  pilots  com¬ 
mented  on  an  increased  level  of  control  activity  required,  but  they  felt  that  for 
the  task  of  steady  hover  near  trim,  they  could  compensate  readily  for  1/2  SAS 
levels  in  the  pitch  and  roll  axes  without  degrading  their  ratings  significantly. 

On  an  average,  ratings  obtained  in  the  ALMB  with  gust  levels  judged  to  be 
representative  of  flight  showed  essentially  no  degradation  in  rating  for  1/2  SAS; 
the  ratings  showed  a  decrement  with  NO  SAS  of  approximately  3.25  rating  units 
for  pitch  and  roll  control,  which  degrades  the  overall  pilot  rating  to  6.0  from  the 
FULL  SAS  value  of  2.6.  Ratings  of  yaw  control  degraded  with  reduced  levels  of 
SAS  by  an  amount  which  was  approximately  the  same  for  all  simulations  as  in 
flight;  from  3/4  to  1  unit  for  1/2  SAS,  and  from  2  to  2-1/2  units  for  NO  SAS. 

Results  of  the  moving-base  simulation  with  NO  SAS  are  generally  In  agreement 
with  X-22A  flight  experience  obtained  In  nnd  around  hover  trim,  and  they  con¬ 
trast  sharply  with  performance  In  the  BLFB  and  BHFB  simulators,  uhleh  were 
uncontrollable  with  NO  SAS.  As  previously  mentioned,  this  disparity  In  pilot 
ratings  and  performance  points  up  the  importance  of  visual  nnd  motion  cuos  for 
flight  systems  with  design  values  of  dynamic  parameters  In  rnngos  of  high  pilot 
sensitivity. 

Gust  levels  e\alunted  m  the  Al.MH  pr«»duccd  essentially  linear  accelerations 
and  presented  no  attitude  control  problem.  The  higher  gust  levels  evaluated 
were  judged  to  be  much  stronger  than  those  ever  experienced  in  flight  with  FULL 
SAS  Attitudo  response  to  peak  gusts  was  minimal  and  in  agreement  with  flight 
results.  At  1/2  SAS,  gusts  were  more  noticeable  but  still  caused  no  particular 
problem,  Even  with  the  unrealistically  high  gust  levels,  the  ALMH  simulation 
could  be  flown  with  NO  SAS  by  maintaining  a  light  control  loop  Since  aero¬ 
dynamic  coupling  terms  about  the  yaw  a^is  in  the  X-22A  are  negligible,  winds 
and  gusts  had  no  particular  influence  on  the  yaw  control  ratings  for  any  level 
of  SAS 
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Translation  Tasks 


Both  forward/aft  and  lateral  translation  maneuvers  were  considered  to  be  the 
most  realistic  tasks  performed  in  all  simulators,  as  indicated  by  the  summary 
of  pilot  ratings  in  Table  XI.  in  the  aircraft,  the  task  of  steady  translation  is 
like  the  attitude  control  task  of  hover  in  a  steady  head  or  crosswind,  both  in 
pilot  technique  and  flight  behavior,  except  for  the  visual  motion  cues  that 
accompany  the  translation.  As  performed  in  the  simulators,  these  tasks  were 
even  more  alike  since  visual  and  vestibular  motion  cues  were  available  in  the 
ALMB  simulator  only  during  transient  motion  and  not  in  steady  state.  The 
ratings  given  for  the  translation  task  include  consideration  of  the  initiating  and 
terminating  transient  response.  Forward  translations  in  flight  are  easy  to  start 
and  stop.  Only  small  control  inputs  are  required,  and  aircraft  response  is 
immediate.  Because  of  this  rapid  response,  the  controls  resemble  an  attitude 
command  system,  and  there  is  a  tendency  to  overshoot  and  PIO  without  com 
scious  preventive  effort.  Some  collective  control  with  speed  change  is  also 
required,  making  an  equilibrium  speed  somewhat  difficult  to  achieve.  However, 
once  obtained,  an  equilibrium  speed  can  be  maintained  quite  well  by  monitoring 
attitude.  All  of  these  behavior  characteristics  were  represented  very  well  in 
all  simulators.  Control  positions  and  forces  required  to  perform  and  stabilize 
maneuvers  were  very  much  like  those  required  in  flight.  At  the  higher  forward 
translation  speeds,  pilots  preferred  to  trim  the  higher  nose-down  pitch  attitudes 
with  duct  rotation,  either  to  maintain  a  more  comfortable  attitude,  as  in  the 
ALMB  and  in  flight,  or  to  keep  the  horizon  trace  centered  on  the  scope  pre¬ 
sentations,  as  in  the  BLFB  and  BHFB.  Very  high  pitch  attitudes  were  degraded 
relative  to  the  level  fuselage  condition  by  approximately  2  pilot  rating  units, 
with  nose-up  attitudes  being  rated  slightly  easier  to  stabilize  than  nose-down. 

Lateral  translations  in  the  aircraft  were  also  considered  to  be  an  easy  task  but 
more  difficult  to  stabilize  than  in  the  forward  direction,  because  the  concept 
does  not  provide  for  roll  attitude  trim.  This  effect  is  particularly  noticeable 
at  lateral  speeds  above  15  knots,  where  the  roll  angles  developed  start  to  feel 
large  and  uncomfortable.  In  this  respect,  the  ALMB  simulation  and  its  physical 
attitude  cues  is  most  representative  of  flight.  The  degradation  in  pilot  ratings 
at  the  higher  bank  angles  amounts  to  approximately  2  units  in  the  ALMB,  as 
compared  to  3  units  in  flight.  A  lack  of  capability  for  lateral  stick  trim  in  the 
ALMB  was  considered  to  be  annoying,  but  it  was  generally  compensated  for  by 
the  pilots  without  significantly  affecting  the  ratings.  In  making  lateral  trans¬ 
lations,  particularly  in  the  BLFB  and  BHFB,  the  pilots  felt  that  roll  attitude 
was  more  difficult  to  monitor  than  lateral  speed.  In  all  simulators,  as  in  flight, 
lateral  translation  maneuvers  were  easy  to  start  and  stop.  Representation  of 
control  response  was  very  good,  and,  as  in  the  aircraft,  restraint  was  required 
to  avoid  a  noticeable  tendency  to  overshoot  and  PIO,  a  tendency  which  became 
objectionable  at  reduced  levels  of  SAS.  A  reduction  from  FULL  to  1/2  SAS 


35 


seemed  to  have  a  more  pronounced  effect  on  the  ratings  for  lateral  translations 
than  for  forward  translations,  and  produced  a  gap  between  the  fixed-base  results 
and  the  moving-base  and  flight  results  that  continued  to  widen  with  further  de¬ 
creases  to  NO  SAS.  In  the  ALMB  and  in  flight,  ratings  for  levels  between  FULL 
and  1/2  SAS  held  approximately  constant  for  forward  translations  and  degraded 
by  about  1/2  unit  for  lateral  translations.  These  results  compare  to  no  degra¬ 
dation  for  forward  translations  and  a  degradation  of  3/4  unit  for  lateral  trans¬ 
lation  in  the  BLFB  and  BHFB.  Further  reductions  to  NO  SAS  gave  degradations 
of  approximately  3  units  from  the  FULL  SAS  values  for  the  moving-base  simu¬ 
lator,  as  compared  to  uncontrollable  ratings  for  the  fixed-base  simulator. 

An  evaluation  of  the  effects  of  gusts  in  the  ALMB  indicated  that,  in  typically 
gusty  air,  ratings  of  the  translation  tasks  degraded  by  about  1  rating  unit  at 
FULL  SAS  and  by  1-1/2  to  2  units  for  1/2  SAS. 

Hovering  Turn  Task 

Hovering  turns,  which  in  flight  are  among  the  easiest  tasks,  are  among  the  most 
difficult  to  simulate  realistically  because  of  the  large  range  of  motion  and 
peripheral-vision  cues  required.  In  flight,  the  aircraft  can  make  360°  turns 
with  ease,  and  the  pilot  can  stop  and  hold  heading  at  any  point  in  turn.  In  winds, 
duct  rotation  is  usually  coordinated  with  pitch  and  roll  control  to  help  limit 
drift  without  developing  excessive  pitch  attitudes. 

The  ALMB  simulation  was  the  most  realistic,  but  heading  excursions  were 
limited  to  ±40°.  Yaw  maneuvers  and  heading  changes  in  this  range  were  rated 
very  similar  to  those  performed  in  the  aircraft.  In  performing  the  task,  the 
oilots  used  visual  cues  exclusively;  these  were  judged  to  be  better  than  the 
visual  cues  in  the  aircraft  because  of  the  proximity  of  the  walls  and  the  un¬ 
obstructed  view  from  the  simulator  cockpit.  As  in  the  aircraft,  small  pedal 
inputs  produced  a  steady- rate  turn,  whereas  larger  inputs  seemed  to  produce 
an  accelerated  turn.  These  characteristics  are  explained  in  Apperaix  III. 

With  reduced  levels  of  SAS,  pilot  work  load  increased  because  the  pilot  had  to 
enter  the  loop  earlier  to  prevent  his  heading  from  drifting.  Effects  of  gusts 
were  more  noticeable  with  1/2  SAS.  Slight  tendencies  to  overshoot  and  PIO 
were  also  more  noticeable  with  1/2  SAS,  and  pilot  ratings  were  degraded  by 
approximately  1  unit  from  FULL  SAS.  With  NO  SAS,  the  work  load  increased 
further,  and  the  FULL  SAS  rating  was  degraded  by  2  to  2-1/2  units. 

In  both  the  BLFB  and  the  BHFB  the  simulated  aerodynamic  and  control  response 
characteristics  were  the  same  but  without  peripheral- vision  cues.  The  heading 
trace  went  off  the  scope  at  about  ±30°,  and  additional  heading  information  was 
provided  by  a  second  instrument  which  indicated  a  range  of  ±180°  for  making 
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larger  turns.  With  these  instruments,  pilots  were  able  to  change  heading 
easily  and  rapidly,  but  they  felt  that  the  displays  were  not  adequately  represent¬ 
ative  of  the  true  flight  cues.  The  simulator  also  exhibited  a  persistent  drift  in 
yaw  trim,  which  is  known  to  be  typical  even  of  in-flight  IFR  tasks.  However, 
the  drift  annoyed  the  pilots  and  contributed  to  the  unreal  impressions  of  the 
displays. 

The  pilot  ratings  in  Table  XI  for  hovering  turn  performance  in  the  various 
simulators  were  generally  good,  reflecting  more  the  relative  ease  of  the  simu¬ 
lator  task  than  its  realism  compared  to  flight.  Since  the  flight  task  is  also 
easy,  the  ratings  compare  well,  but  for  this  task  all  simulators  are  considered 
to  be  limited.  The  ALMB  is  rated  best  for  VFR  simulation  of  turns  within  its 
limited  angular  travel.  For  IFR  simulations,  all  simulators  need  improved 
displays. 

Hover  Task  in  Ground  Effect 

< 

Results  of  a  series  of  flights  in  the  ALMB  which  evaluated  the  hover  control 
characteristics  in  simulated  ground  effect,  as  compared  to  flight,  are  sum¬ 
marized  in  Table  XI.  Ground  effects  simulated  include  thrust,  pitching  moment, 
rolling  moment,  and  yaw  control  moment  dependencies.  The  summary  of  pilot 
ratings  represents  an  average  of  the  broad  pilot  sample  used  both  in  the  ALMB 
simulation  and  in  flight. 

Ground  effect  in  the  aircraft  is  characterized  by  a  high  level  of  turbulence, 
which  produces  random  forward  and  lateral  accelerations,  and  by  a  strong 
ground  cushion  with  a  region  of  reduced  or  possibly  negative  ground  effect 
slightly  above.  With  these  height  characteristics,  the  aircraft  tends  to  hang 
suspended  a  few  feet  above  the  ground  and  requires  definite  collective  inputs  in 
order  to  ascend  and  descend  through  ground  effect.  The  cushion  characteristic 
as  simulated  was  considered  to  be  fairly  representative  of  flight,  but  it  occurred 
at  a  lower  altitude  and  did  not  seem  to  be  as  strong.  Pilot  judgments  were  made 
by  performing  hands-off  vertical  oscillations  and  general  hover  maneuvers  on 
the  cushion,  as  was  done  in  flight.  Attitude  control  techniques  and  rating  trends 
were  similar  to  those  obtained  out  of  ground  effect  (OGE).  Ratings  of  ground 
effect  without  turbulence  ran  significantly  better  than  flight,  and  the  simulation 
was  considered  to  be  definitely  not  representative.  The  turbulence  level  in 
ground  effect  (IGE)  was  simulated  with  a  random  gust  model  which  was  evalua¬ 
ted  for  several  gust  levels.  The  lowest  gust  level  tested  provided  the  best  rep¬ 
resentation  when  introduced  in  the  x  and  y  inertial  directions. 

The  incorporation  of  appropriate  levels  of  turbulence  greatly  enhanced  the 
realism  of  the  overall  ground  effect  simulations.  Ratings  for  hover  with  turbu¬ 
lence  IGE  degraded  approximately  1.7  units,  which  is  much  closer  to  the  flight 
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result  but  still  better  by  about  1  unit.  Since  this  result  is  based  on  a  large 
pilot  sample  and  the  ratings  are  consistent,  the  correlation  shows  that  a  deg¬ 
radation  of  1  pilot  rating  unit  should  be  applied  to  moving-base  simulator 
ratings  of  hover  IGE  when  appropriate  levels  of  turbulence  are  used.  Pilot 
rating  results  of  simulations  without  turbulence  should  be  degraded  by  3  pilot 
rating  units  to  account  for  ground  effects. 

Effects  of  Motion  on  the  IFR  Hover  Task 


The  effects  of  motion  cues  on  the  realism  of  IFR  hover  simulations  were  ex¬ 
plored  briefly  and  qualitatively  in  the  ALMB  simulator.  Piloting  tasks  were 
similar  to  those  used  for  the  BLFB  and  BHFB  hover  tasks.  The  lower  oscillo¬ 
scope  displayed  horizontal  position  with  respect  to  the  boundaries  of  the  flight 
cube  as  well  as  ground  velocity.  A  range  of  reduced  linear  motion  scaling 
from  fixed  base  to  true  motions  was  explored.  In  fixed-base  operation,  pilot 
reactions  were  slower  than  in  flight  because  of  a  general  lack  of  anticipatory 
cues.  Angular  motion  alone  was  a  significant  improvement.  Hence,  when 
linear  motion  scaling  was  evaluated,  angular  motion  scaling  was  main¬ 
tained  in  the  ratio  of  1:1.  Although  the  amount  of  data  obtained  was  limited  by 
a  lack  of  time,  several  interesting  results  were  obtained,  and  the  investigation 
represents  an  initial  effort  to  sort  out  the  significant  factors  related  to  fixed- 
and  moving-base  IFR  simulation. 

With  FULL  SAS  and  a  10:1  linear  motion  scaling,  which  effectively  increases 
the  size  of  the  flight  cube,  control  activity  in  hover  was  rated  high  to  excessive, 
and  on  a  par  with  BLFB  and  BHFB  results  previously  obtained.  No  particular 
difficulty  w'as  experienced  with  the  various  hover  flight  tasks  and  gust  levels 
evaluated.  Although  linear  accelerations  were  generally  too  low  to  be  felt, 
physical  attitude  cues  were  evident  and  were  considered  to  be  definitely  helpful. 
Even  with  this  scaling,  the  work  load  in  first  attempts  was  high,  and  occasional 
linear  excursions  covered  most  of  the  flight  cube.  However,  both  pilot 
performance  and  ratings  improved  with  practice.  With  increasingly  realistic 
ratios  of  motion  scaling  (i.e.,  scaling-*  1:1),  the  hover  tasks  became  progres¬ 
sively  more  difficult  because  larger  attitude  changes  and  faster  judgments  and 
control  motions  were  required  just  to  stay  inside  the  smaller  flight  cube;  once 
a  large  control  displacement  was  required,  it  was  very  hard  to  regain  control. 

It  was  found  that  the  level  of  pilot  learning  played  an  important  role  in  evaluating 
which  linear  motion  scaling  in  IFR  is  most  representative  of  VFR  operation. 
Most  pilots  were  introduced  first  to  the  1:1  ratio  of  linear  motion  scaling, 
and  ratings  of  the  hover  work  load  ranged  from  extremely  difficult  to  intoler¬ 
able  for  the  size  of  the  flight  cube.  However,  further  flight  experience  with  a 
progressive  series  of  scaling  ratios  ranging  from  10:1  back  down  to  1:1  re¬ 
sulted  in  an  improved  hovering  capability  and  upgraded  pilot  opinions.  Height 
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control  was  a  slight  problem  under  IFR  conditions,  but  typical  gust  levels  could 
be  managed  quite  well.  A  3:1  linear  scaling  was  considered  to  be  approxi¬ 
mately  as  difficult  as,  and  equivalent  in  work  load  to,  the  VFR  task  with  FULL 
SAS  (although  in  this  scale,  stabilized  hover  was  difficult  with  1/2  SAS  and 
uncontrollable  with  NO  SAS).  Nevertheless,  with  FULL  SAS,  ground  position 
and  height  control  were  not  particularly  troublesome;  as  in  flight,  the  yaw  axis 
was  considered  to  be  the  easiest  to  control. 

Whereas  the  BLFB  and  BHFB  could  not  be  controlled  in  hover  with  NO  SAS,  it 
was  found  that,  at  a  motion  scaling  ratio  of  10:1,  the  ALMB  could,  although  the 
work  load  remained  high  throughout  the  flight  task.  Because  the  linear 
accelerations  were  essentially  imperceptible  in  this  scale,  the  capability  to 
hover  with  NO  SAS  is  attributed  to  the  presence  of  the  pitch  and  roll  attitude 
cues,  which  aided  the  pilot  in  interpreting  the  cockpit  information  displays  and 
anticipating  the  control  motions  required.  This  result  has  significance  because 
it  demonstrates  that  a  ground-Dased  simulator,  which  provides  flight  cues 
through  a  combination  of  angular  motion  and  visual  instruments,  can  be  flown 
even  in  situations  of  high  pilot  sensitivity  and  should  be  sufficiently  represent¬ 
ative  of  flight  to  permit  the  evaluation  of  many  IFR  hover  tasks. 

Hover  Dynamics 

A  summary  of  pilot  ratings  and  comments  for  dynamic  evaluations  of  the  in¬ 
dividual  control  axes  in  hover  is  given  in  Table  XII,  as  condensed  from  the 
more  complete  data  compilations  presented  in  Appendix  n.  Ratings  and  com¬ 
ments  represent  opinions  of  general  handling  characteristics  in  and  around 
hover  and  of  a  series  of  carefully  performed  step-  and  pulse-type  control  in¬ 
puts  for  each  control  axis.  Static  stability  and  dynamic  response  time  history 
records  of  significant  flight  parameters  in  each  control  axis  for  the  different 
simulations  are  analyzed  and  compared  with  flight  results  in  Appendix  HI. 

Based  on  the  qualitative  comparisons  of  Table  XII  and  the  quantitative  com¬ 
parisons  of  Appendix  HI,  the  simulated  dynamic  characteristics  in  hover  are 
judged  to  be  in  substantial  agreement  with  flight.  The  dynamic  characteristics 
in  each  control  axis  are  discussed  in  the  following  sections. 

Height  Dynamics 

Response  to  thrust  control  in  the  ALMB  was  judged  to  be  good,  with  a 
height  response  time  lag  approximately  the  same  as  in  the  aircraft.  Fixed- 
base  simulator  results  were  also  considered  to  be  representative  of  flight. 
Neither  the  simulators  nor  the  aircraft  exhibits  any  noticeable  height 
damping,  and  there  are  no  significant  couplings  due  to  thrust  control.  In 
the  aircraft,  a  vertical  oscillation-can  be  developed  IGE.  This  character¬ 
istic  was  simulated  in  the  ALMB  but  was  not  noticeable.  In  the  ALMB, 
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degradations  in  pilot  ratings  of  height  control  dynamics  were  obtained  for 
the  effects  of  SAS  and  with  gust  level  representative  ol  flight.  Degraded 
ratings  at  reduced  SAS  levels  were  actually  the  result  of  increased  pilot 
concentration  on  attitude  control,  since  the  height  parameters  themselves 
are  unaffected  by  changes  in  SAS.  These  degradations  amounted  to  2  units 
for  a  reduction  from  FULL  to  NO  SAS  without  gusts  and  a  further  degra¬ 
dation  of  2-1/2  units  for  NO  SAS  with  gusts.  From  the  consensus  of 
pilot  ratings  and  the  comparison  of  time  history  records  of  height  dynamics 
Figure  14,  the  dynamic  height  response  characteristics  as  represented  in 
all  simulators  are  judged  to  be  equivalent  to  the  aircraft  in  hovering  flight. 

Pitch  Dynamics 

Response  to  pitch  control  in  and  around  hover  was  well  represented  and  in 
agreement  with  flight  in  all  simulations.  With  FULL  SAS,  the  aircraft 
feels  quite  stable  in  novel'  and  responds  very  quickly  to  pitch  control  in¬ 
puts.  The  response  feels  like  an  attitude  control  system,  and,  although 
there  is  no  over  hoot,  the  aircraft  feels  like  it  might  PIO  if  the  controls 
are  moved  too  fast.  The  longer  term  response  to  pitch  control  inputs  is 
a  coupled  oscillatory  motion  involving  attitude,  height,  and  speed,  with 
essentially  neutral  damping  and  approximately  an  8-second  period. 
Responses  with  !  2  SAS  are  noticeably  faster.  Pitch  dynamics  in  the  air¬ 
craft  with  FULL  -'AS  are  rated  RCR  2-1/2.  In  the  ALMB,  the  response 
to  pulse-type  input  was  consider  d  more  representative  than  pull-and-hold 
type  pitch  inputs,  which  were  harder  to  evaluate  because  the  size  of  the 
flight  cube  limited  t...  ration  of  the  maneuvers  that  could  be  performed. 

Dynamic  response  l  r  aistories,  of  both  pulse-type  and  pull-and-hold- 
type  pitch  inputs  in  the  ■  fferent  simulators  and  in  flight,  are  compared 
in  Figures  15  and  16  in  Ap  Mix  III.  Responses  of  important  parameters 
were  similar  to  flight  in  a!  simulators;  these  results  confirm  the  pilot 
judgments  that  the  represe  tion  of  pitch  dynamics  in  hover  is  generally 
equivalent  to  flight. 

Roll  Dynamics 


In  the  simulators  as  in  the  aircraft,  roll  and  pitch  dynamics  in  hover  are 
similar.  The  response  to  roll  inputs  in  and  around  hover  is  very  fast.  The 
immediate  response  to  a  lateral  stick  input  is  a  roll  attitude.  This 
characteristic  was  well  simulated  in  fixed-  and  moving-base  simulators. 

A  speed-height-attitude  coupled  motion  developed  over  the  longer  term  as 
in  the  pitch  axis.  This  motion  could  not  be  fully  evaluated  in  the  ALMB 
because  of  the  limits  oi  the  flight  cube.  There  was  no  apparent  yawing 
motion  due  to  lateral  speed.  Response  with  1/2  SAS  was  noticeably  faster. 
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Dynamic  response  time  history  records  of  pulse-  and  step-type  roll  inputs 
for  the  different  simulators  are  compared  with  flight  in  Figures  17  and  18 
and  are  discussed  in  Appendix  ELI.  Results  indicat?  that  roll  dynamics  in 
hover  were  well  represented. 

Yaw  Dynamics 


In  the  aircraft,  with  FULL  SAS,  yaw  control  sensitivity  and  damping  are 
rated  satisfactory.  Response  to  small  inputs  is  a  yaw  rate  (RCR  2),  and 
response  to  large  steps  is  an  acceleration  response  (RCR  4).  There  is  a 
mild  but  noticeable  loss  of  height  with  yaw  control.  Responses  with  i/2 
SAS  are  noticeable  faster.  In  the  ALMB  simulation,  the  yaw  control  re¬ 
sponse  characteristic®  were  judged  to  be  identical  with  flight  and  much 
better  than  the  representation  in  either  the  BHF  '.-i  or  the  BLFB  simulations, 
which  were  both  downrated  primarily  because  of  their  yaw  information 
displays.  Another  contributing  factor  was  the  FULL  SAS  value  of  yaw 
damping  in  the  BHFB,  which  was  approximately  1/2  of  the  value  repre¬ 
sentative  of  flight.  A  lack  of  limits  on  SAS  authority  in  the  BLFB  affected 
only  large  control  inputs  >n  the  yaw  axis. 

Dynamic  time  history  records  of  responses  to  rudder  pedal  inputs  in  nover 
the  different  simulators  and  in  flight  are  compared  in  Figure  19  and  are 
scussed  in  Appendix  III.  Results  generally  substantiate  the  observations 
of  the  pilots. 

FIXED  OPERATING  POINT  TRANSITION  TASK  CATEGORY 


For  flight  tasks  in  this  category,  all  simulators  were  operated  IFR,  as  com¬ 
pared  to  VFR  operation  in  flight.  Because  the  IFR  simulator  tasks  were  not 
directly  comparable  to  VFR  flight  tasks,  pilots  were  reluctant  to  give  numerical 
ratings.  Therefore,  results  obtained  are  more  qualitative  than  in  hover.  Tasks 
in  this  category  arc  discussed  under  two  subcategories:  (1)  steady  flight  tasks, 
which  include  longitudinal  static  stability  and  trim,  directional  static  stability 
and  dihedral  effect,  and  banked  turns,  and  (2)  dynamic  flight  tasks,  which  in¬ 
clude  the  longitudinal  long-  and  short-period  modes  and  responses  to  pitch 
controls,  and  the  lateral-directional  dynamic  mode  and  responses  to  ro'l  and 
yaw  controls. 

Steady  Flight  Task  Category 

Pilot  ratings  and  comments  received  for  tasks  in  the  steady  flight  category  in¬ 
dicate  that  the  aircraft  characteristics,  in  general,  were  adequately  represented 
in  terms  of  control  forces  and  motions  needed  to  achieve  equivalent  steady 
flight  conditions.  A  lack  of  pilot  experience  in  the  IFR  simulators  was  found 
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to  have  an  effect  on  both  performance  and  ratings,  particularly  in  evaluating 
regions  of  low  static  stability.  The  yaw  displays  were  considered  to  be  poor 
and  inadequate  substitutes  for  the  VFR  cues  that  are  available  in  flight.  Turn 
characteristics  generally  were  well  represented  in  all  simulators.  Turn 
initiation  compared  well  with  flight,  and  control  forces  and  motions  were  judged 
to  be  comparable.  The  fact  that  all  simulators  were  judged  to  be  approximately 
equivalent  for  IFR  flight  operation  implies  that  a  linearized  6-DOF  fixed-base 
simulator  is  sufficient  for  pilot  familiarization  and  evaluation  of  handling 
characteristics  at  steady  flight  conditions  in  fixed  operating  point  transition. 

The  individual  tasks  in  the  steady  flight  categor  /  are  discussed  in  more  detail 
in  the  following  sections. 

Longitudinal  Stick  Position  Stability  and  Trim 

The  longitudinal  flight  characteristics  of  the  aircraft  at  fixed  operating 
points  in  transition  are  dependent  to  some  extent  on  the  thrust  control  mode 
of  operation.  Stick  position  stability  characteristics  vary  over  the  duct  angle 
range,  but  in  the  collective  mode  at  duct  angles  below  about  60°  they  are 
neutral  to  slightly  negative.  Pilots  consider  the  aircraft  to  be  generally 
easy  to  fly  but  difficult  to  trim  at  a  precise  speed,  attitude,  or  altitude. 

Pilot  opinions  of  these  characteristics  varied  widely  in  flight,  from  RCR 
2.5  to  RCR  6.0  for  VFR  operation,  the  average  being  RCR  3.75.  Although 
considered  to  be  satisfactory  for  a  VSS  research  aircraft,  these  charac¬ 
teristics  were  rate  eptable  for  IFR  operation,  and  pilot  ratings 

received  for  IFR  w  re  d<  graded  by  approximately  2  rating  units,  to  RCR 

6.0. 


In  the  simulators  the  stability  and  trim  characteristics  were  actually  very 
well  represented,  as  shown  by  comparisons  of  trim  stick  position  versus 
speed  and  hands-ofi  time  history  records  for  all  simulators  with  flight 
presented  in  Figures  11  and  20.  In  the  BHFB,  pilots  with  little  or  no 
experience  in  the  aircraft  found  stability  and  trim  difficult  to  evaluate, 
and,  although  they  had  trouble  trimming,  their  comments  indicate  that  they 
could  not  distinguish  the  true  stick-position  stability  level.  The  BLFB  and 
the  ALMB  were  evaluated  by  pilots  with  more  experience,  both  with  the 
aircraft  and  with  IFR  fixed-base  simulators.  Although  this  pilot  sample 
is  quite  limited,  both  the  comments  and  the  ratings  received  agree  well 
with  flight  results.  These  results  illustrate  the  importance  of  providing 
pilots  with  sufficient  learning  time  in  the  simulator  to  familiarize  them¬ 
selves  with  substitute  flight  cues,  to  practice  coordinated  control  motions, 
and  to  develop  a  proficient  perceptive  and  reflexive  capability,  as  a  basis 
for  simulator  evaluations. 
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Static  Directional  Stability 


Pilot  ratings  of  static  directional  stability  were  obtained  by  observing  the 
results  of  rudder  inputs  and  by  the  performance  of  steady  sideslips.  At 
all  fixed  operating  point  transition  flight  conditions  evaluated,  the  aircraft 
exhibits  relatively  strong  stability  (right  pedal  for  nose  right)  beyond  side¬ 
slip  angles  of  -t'l  and  positive  dihedral  effect  (left  sideslip  produces  right 
roll).  In  the  range  of  sideslip  between  ±2  ,  a  reduced  level  of  directional 
stability  is  evident. 

The  simulators  were  judged  to  be  representative  with  respect  to  control 
forces  and  motions  for  comparable  maneuvers.  They  also  exhibited 
positive  directional  stability  as  in  flight.  However,  the  yrw  displays  were 
considered  to  be  poor  and  inadequate  in  all  simulators,  and  the  BLFB  and 
ALMB  were  limited  in  sideslip  capability  by  equipment  difficulties  related 
to  fhe  computer  and  displays.  Because  of  these  problems,  it  was  not 
possible  to  establish  a  good  correlation  of  pilot  ratings  for  this  task. 
Nevertheless,  the  comparisons  of  pedal  position  versus  sideslip  angle  and 
bank  angle  indicate  that  directional  stability  was  adequately  simulated  in 
the  BHFB  and  BLFB  for  flight  conditions  in  and  around  trim. 

Banked  Turns 

The  turn  characteristics  of  the  aircraft  were  extensively  evaluated  through 
the  transition  range.  In  general,  a  greater  pilot  effort  is  required  to  co¬ 
ordinate  turns  than  for  most  conventional  aircraft.  An  initial  adverse  yaw 
develops  if  the  turn  is  initiated  with  the  lateral  stick  only,  but  smooth  turn 
entries  can  be  made  by  leading  the  lateral  control  with  the  rudder.  Pilot 
ratings  obtained  in  flight  averaged  RCR  3.7. 

Pilot  comments  and  ratings  of  the  differeni  simulators  indicate  that  turn 
characteristics  were  generally  well  represented.  In  the  BLFB,  the  response 
to  turn  initiation  was  rated  normal  to  fast,  and  turn  entry  compared  well 
with  flight.  Control  forces  and  motions  were  also  judged  to  be  comparable. 
Turns  with  bank  angles  above  20  were  more  difficult  than  flight  because 
of  a  restriction  caused  by  equipment  scaling,  which  was  not  corrected  for 
lack  of  time.  In  the  BHFB,  turn  entry  was  also  judged  to  be  comparable, 
but  rudder  motion  required  to  coordinate  the  turn  seemed  low  compared 
with  flights.  In  the  ALMB,  the  task  was  performed  IFR,  and  the  response 
to  control  motions  was  also  judged  to  be  approximately  as  in  flight. 
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Dynamic  Flight  Task  Category 


Pilot  comments  received  for  tasKs  in  the  dynamic  flight  category  also  indicate 
that  the  aircraft  was  well  represented  in  all  simulations,  and  numerical  ratings 
for  these  tasks  were  more  freely  given.  A  summary  of  the  pilot  ratings  and 
comments  for  the  dynamic  flight  tasks  at  fixed  operating  points  in  transition  is 
included  in  Table  XH1.  More  complete  compilations  are  presented  in  Appendix 
11.  Pilot  comments  for  the  dynamic  motions  are  reasonably  consistent  among 
simulators,  and  pilot  ratings  for  all  agree  with  flight  within  il  rating  unit  for 
all  of  the  standard  dynamic  flight  tasks. 

The  lateral -directional  mode  can  be  excited  by  several  test  techniques,  including 
walking  the  rudder  and  release  from  a  steady  sideslip.  The  best  test  technique 
appears  to  be  a  cross-coupled  lateral-directional  spike.  Lateral-directional 
comparative  results  for  the  ALMB  in  transition  were  not  obtained  because  of 
difficulties  involved  with  the  simulation  setup  and  a  lack  of  sufficient  time.  How¬ 
ever,  the  reasonable  agreement  obtained  v/ith  the  other  simulators  in  the  longi¬ 
tudinal  mode  implies  that  similar  results  can  be  obtained  with  the  ALMB  in  the 
lateral-directional  mode. 

The  agreement  of  simulator  dynamic  behavior  with  flight  is  also  indicated  by 
comparisons  of  time  histories  of  important  flight  parameters  in  Appendix  III. 
Results  imply  that  the  representation  of  the  aircraft  dynamic  characteristics  in 
any  of  these  simulators  is  adequate  for  flight  evaluation  and  test  pilot  training 
purposes. 

CONTINUOUS  TRANSITION  TASK  CATEGORY 


The  flight  regime  between  vertical  and  conventional  flight  is  spanned  by  a  pilot- 
controlled  procedure  that  converts  the  aircraft  in  flight  from  one  aerodynamic 
configuration  to  another.  Because  of  the  continuously  variable  aerodynamics 
and  the  rapidity  with  which  the  operation  can  be  performed,  aircraft  flight  be¬ 
havior  in  continuous  transitions  is  more  time  and  speed  dependent  that  at  fixed 
operating  points  in  transition.  Compilations  of  pilot  ratings  and  comments  for 
conversion  and  reconversion  maneuvers  performed  by  a  broad  pilot  sample  in 
the  BHFB  simulator  and  in  flight  are  given  in  Appendix  II. 

In  general,  the  BHFB  simulation  represents  the  important  characteristics  of 
transition  flight  behavior.  Pilot  control  techniques  for  conversions  and  recon¬ 
versions,  which  were  developed  in  the  simulator  prior  to  flight  in  the  aircraft, 
were  substantiated  by  actual  flight  experience.  Pilot  ratings  of  the  simulated 
transition  task  averaged  RCR  5  overall,  which  is  a  degradation  of  approximately 
1-1/2  units  from  flight  (RCR  3  and  1/2).  The  difference  in  ratings  is  attrib¬ 
uted  to  the  combined  effect  of  the  lack  of  realistic  visual,  aural,  and  vestibular 
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TABLE  XIII.  SUMMARY  OF  PILOT  RATINGS  AND  COMMENTS  FOR  DYNAMIC  FLIGHT 
_ TASKS  AT  FIXED  OPERATING  POINTS  IN  TRANSITION 
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NOTE:  NR  denotes  not  rated. 


motion  cues  in  the  simulator.  The  correlation  is  considered  to  be  generally 
valid  for  projecting  pilot  ratings  of  continuous  transitions  in  flight  from  results 
obtained  in  fixed-base  simulators  for  aircraft  with  handling  qualities  and  aero¬ 
dynamic  characteristics  similar  to  the  X-22A. 

Although  the  correlation  is  significant  in  itself,  the  real  value  of  the  BIIf'B 
simulator  lies  in  its  ability  to  explore  continuous  conversions  and  reconversions 
to  identify  problem  areas,  and  to  establish  piloting  techniques  and  operating 
procedures  throughout  the  transition  regime.  An  evaluation  and  analysis  of  the 
correlated  pilot  comments  showed  that  essentially  the  same  difficulties  were 
encountered  and  that  the  same  piloting  techniques  were  required  in  the  simu¬ 
lator  as  in  flight,  for  both  conversion  and  reconversion  maneuvers. 

Typical  level -flight  conversion  and  reconversion  maneuvers  are  performed 
using  the  following  technique.  Conversion  is  initiated  by  rotating  the  ducts  for¬ 
ward  intermittently,  using  the  collective  stick  primarily  as  a  height  control  and 
the  pitch  stick  as  a  speed/attitude  control.  As  forward  speed  builds,  a  forward 
pitch  control  motion  is  required  to  keep  the  fuselage  level.  With  continually 
increasing  speed  through  midtransition,  the  collective  stick  is  reduced  to  pre¬ 
vent  climb.  In  the  f’na  stages  of  conversion  (i.e. ,  the  duct  angle  range  from 
30 J  to  0 °) ,  there  is  a  marked  change  in  pitch  trim  which  requires  a  steady  and 
substantial  aft  stick  motion  to  hold  up  che  nose,  and  an  increasing  collective 
stick  motion  is  required  to  maintain  altitude.  For  climbing  conversions,  a 
higher  level  of  collective  stick  and  pitch  attitude  is  maintained  through  mid¬ 
transition.  Reconversions  are  initiated  by  a  slow,  intermittent  duct  rotation 
over  the  region  of  large  trim  change  from  duct  angles  of  O'  to  about  30  °.  Re¬ 
duced  collective  and  forward  pitch  control  motions  are  used  in  combination  to 
control  a  relatively  strong  climb  tendency  associated  with  duct  rotation.  This 
tendency  is  relieved  through  midtransition,  and  further  reductions  in  speed  and 
the  approach  to  hover  require  a  nose  -up  pitch  control  motion  and  a  strong  in¬ 
crease  in  collective  stick  in  order  to  keep  the  fuselage  level  and  to  maintain 
altitude. 

In  the  BHFB,  the  lack  of  realistic  visual  motion  cues,  and  the  inability  of  the 
altitude  and  vertical  rate  displays  to  provide  adequate  substitutes,  made  the 
collective  control  task  to  hold  altitude  in  reconversions  seem  harder  to  manage 
than  in  flight.  Increased  realism  in  this  area  might  be  achieved  by  a  visual 
representation  of  real-world  peripheral  cues,  as  might  be  provided  by  a  TV 
monitor,  possibly  but  not  necessarily  coupled  with  angular  motion  cues.  One 
pilot  commented  that  roll  control  in  the  simulator  required  considerable  effort 
and  rated  it  sensitive  with  too  little  damping.  This  judgment  might  be  expected 
in  view  of  the  lower  SAS  levels  present  in  the  simulator,  as  compared  with  flight, 
and  may  be  partially  responsible  for  the  adverse  correlation. 
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In  other  respects,  pilot  opinions  of  the  simulator  and  flight  characteristics  were 
essentially  the  same.  In  flight  as  in  the  BHFB,  level  conversions  were  rated 
approximately  1  rating  unit  easier  to  perform  than  level  reconversions.  Trim 
and  attitude  changes  in  the  simulator  were  judged  to  be  reasonably  representa¬ 
tive  of  flight.  Speed  response  to  duct  rotation  was  good  at  both  ends  of  the  speed 
range,  making  transition  in  either  direction  easy  to  start  and  stop.  On  the 
average,  control  responses  through  transition  were  rated  normal.  In  flight,  the 
work  load  was  rated  average  for  level  conversions  and  high  for  reconversions. 

Transitions  in  the  BHFB  and  in  flight  were  made  using  both  rapid  (continuous) 
and  slow  (intermittent'  thrust  rotation  techniques.  The  rapid  transition  tech¬ 
nique  was  preferred  because,  by  holding  the  fuselage  level  and  controlling 
altitude  with  the  collective  stick,  the  acceleration  or  deceleration  characteris¬ 
tics  produced  by  a  rapid  duct  rotation  rate  carry  the  aircraft  smoothly  through 
the  center  of  the  transition  envelope  with  a  minimum  of  pilot  effort  required  to 
monitor  the  combination  of  speed  and  duct  angle.  The  rapid  technique  was 
rated  better  by  about  1-1/2  rating  units.  In  slow  conversions  in  flight,  a 
tendency  toward  lateral  PIO  was  noted  which  was  not  apparent  in  the  more 
rapid  operations.  This  effect  is  apparently  due  to  the  additional  time  spent  in 
the  regions  of  low  roll -yaw  dynamic  stability  during  the  slow  transitions. 

In  analyzing  the  data,  it  was  evident  that  the  ratings  improved  with  the  level  of 
pilot  learning.  Most  of  the  pilots  had  insufficient  time  in  the  simulator  and  in 
the  aircraft  to  thoroughly  familiarize  themselves  with  the  flight  characteristics, 
but  they  tended  to  give  increasingly  better  ratings  in  both  the  simulator  and  ir. 
flight  as  their  proficiency  improved  with  increased  flight  experience.  Many  of 
the  observations  and  comments  made  by  the  military  pilots  are  generally 
recognized  but  automatically  compensated  for  by  pilots  more  familiar  with  the 
simulator  and  the  aircraft. 
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SIMULATOR  CAPABILITIES  AND  LIMITATIONS 


Relative  capabilities  and  limitations  of  the  simulators  to  represent  flight  for 
specific  tasks  in  hover  and  transition  are  established  by  the  analyses  and  com¬ 
parisons  of  the  study.  These  results  are  summarized  in  Table  XIV.  The  mini¬ 
mum  simulator  judged  to  be  sufficiently  representative  of  flight  for  most 
engineering  purposes  is  designated  M"  in  the  tab’e  for  "minimum  adequate." 
More  complex  simulators  that  provided  a  further  degree  of  fidelity  are  desig¬ 
nated  "S"  for  "satisfactory.”  In  general,  the  moving-base  simulator  was  most 
representative  of  flight  and  is  therefore  designated  "B"  for  "best"  simulation. 
The  pilot  rating  correlations  developed  in  the  preceding  section  for  the  various 
tasks  and  simulators  form  a  basis  for  projecting  flight  characteristics  from 
results  obtained  with  these  ground-based  simulator  types. 

The  Bell  fixed-base  simulator  mechanized  with  6-DOF  linearized  equations  of 
motion  for  flight  at  specific  operating  points  (e.g.,  hover)  produced  dynamic 
response  characteristics  that  were  comparable  to  flight.  Deficiencies  in  simu¬ 
lated  VFR  flight  were  related  to  the  lack  of  representative  visual  motion  cues; 
however,  important  handling  qualities  characteristics  were  readily  evident  to 
trained  test  pilots.  This  simulator  is  therefore  considered  to  be  the  minimum 
adequate  simulator  for  most  fixed  operating  point  flight  tasks  in  hover  and 
transition.  This  type  of  simulator  is  useful  for  evaluating  specific  problems  in 
the  areas  of  stability  and  control,  and  flight  control  systems,  during  the  design 
and  development  phases  of  V/STOL  aircraft,  and  for  preliminary  pilot  training. 

The  Bell  hybrid  ixxed-base  simulator  mechanized  with  6-DOF  nonlinearized 
equations  of  motion  provided  the  substantially  increased  capability  of  contin¬ 
uously  variable  Hight  and  control  characteristics  over  the  complete  flight 
envelope.  Dynamic  response  characteristics  to  pilot  inputs  were  well  repre¬ 
sented  at  fixed  operating  points  as  well  as  in  continuous  transitions.  This 
Simulator  was  subject  to  the  same  lack  of  representative  visual  motion  cues; 
however,  important  stability  characteristics,  jx»wer  effects,  and  control 
manipulations  required  in  making  continuous  transitions  were  representative 
and  readily  apparent  from  the  cues  provided.  This  simulator  is  therefore  con¬ 
sidered  to  be  the  minimum  adequate  simulator  for  continuous  transition  tasks. 

It  is  useful  for  evaluating  extreme  excursions  as  well  as  small  perturbations  at 
fixed  operating  points,  for  exploring  the  transition  flight  envelope  fully  for  un¬ 
expected  problems,  for  developing  piloting  techniques  and  procedures  for 
continuous  transitions,  and  for  preliminary  pilot  training. 

The  Ames  moving-base  simulator  mechanized  with  6-DOF  linearized  equations 
of  motion  at  specific  operating  points  produced  dynamic  characteristics,  and 
vestibular  and  visual  motion  cues  in  response  to  pilot  inputs,  that  were  com- 
parablp  to  flight.  The  motion  provided  eliminated  most  deficiencies  present  in 
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TABLE  XIV.  RELATIVE  CAPABILITIES  OF  X-22A  SIMULATORS 

Simulator  Complexity 

Flight  Tasks 

BLFB 

6  DOF 

BHFB 

6  DOF 

ALMB 

6  DOF 

HOVER 

Height  Control 

M 

S 

B1 

Attitude  Control 

M 

S 

B1 

Fwd/Aft  Translations 

M 

S 

B1 

Lateral  Translations 

M 

S 

B1 

Turns 

U 

U 

S 

Takeoff,  Landing  (IGE) 

u 

U 

M 

TRANSITION 

Fixed  Operating  Point 

M 

S 

S 

Continuous  Conversions  and 
Reconversions 

u2 

M 

u2 

B 

Best 

S 

Satisfactory 

M 

Minimum  adequate  simulator  for  preliminary  pilot  training 

U 

Unsatisfactory 

NOTES: 

1.  3-DOF  angular  motion  provides  much  of  the  improvement  realized. 

2.  Rated  U  only  for  aircraft  with  highly  complex  transition  aerodynamics. 
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the  fixed-base  simulator,  especially  in  hover  where  the  tasks  performed  were 
considered  to  be  most  realistic.  Most  of  this  improvement"  was  provided  by  the 
3  degrees  of  angular  motion:  however,  adequate  representation  of  the  vertical 
takeoff  and  landing  tasks  required  linear  motion  as  well.  The  moving-base 
simulator  is  considered  to  be  the  minimum  adequate  simulation  for  vertical 
takeoff  and  landing  in  ground  effect.  At  fixed  operating  points  in  transition, 
peripheral-vision  cues  provided  are  incongruous  with  the  equilibrium  speed 
and  are  therefore  unrealistic.  Representative  peripheral-vision  cues  for  tran¬ 
sition  have  yet  to  be  developed.  At  present  this  simulator  does  not  have  the 
capability  to  make  continuous  transitions.  It  is  useful  for  all  types  of  evalua¬ 
tions  in  hover,  and  particularly  for  developing  flight  techniques  for  takeoff 
and  landing,  for  evaluating  ground  effects,  and  for  advanced  pilot  training  in 
hover. 
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CONCLUSIONS 


Three  different  types  of  ground-based  simulations  of  the  X-22A  are  compared 
with  flight.  Comparisons  are  made  in  terms  of  pilot  ratings,  pilot  comments, 
and  time  history  data  of  specific  flight  tasks  in  hover  and  transition.  Signifi¬ 
cant  conclusions  are  presented  below. 

1.  Hover  flight  tasks  were  rated  approximately  equivalent  to  flight  in  all 
three  6-DOF  simulators.  An  exception  occurred  in  the  moving-base 
simulator  at  translational  speeds  above  15  knots  when  equilibrium 
was  obtained  by  large  pitch  or  roll  attitudes.  Pilot  ratings  of  that 
task  were  approximately  1  RCR  better  than  flight. 

2.  Typical  gust  levels  were  evaluated  only  in  the  moving-base  simulator. 
Pilot  ratings  in  steady  hover  in  this  simulator  compared  well  with 
flight.  In  translational  maneuvers,  gusts  degraded  pilot  ratings  with 
respect  to  flight,  particularly  for  low  levels  of  damping.  This  effect 
is  believed  to  be  related  to  limitations  in  the  size  of  the  flight  cube. 

3.  Motion  cues  in  hover  were  found  to  be  increasingly  important  to 
simulator  realism  as  damping  levels  were  reduced  and  handling 
qualities  degraded. 

4.  The  only  adequate  representation  of  hover  in  ground  effect  was  pro¬ 
vided  in  the  moving-base  simulator  by  using  a  gust  model  to  repre¬ 
sent  realistic  levels  of  ground  effect  turbulence  in  conjunction  with 
the  representation  of  ground-induced  aerodynamic  effects. 

5.  The  yaw  axis  was  found  to  be  the  most  difficult  axis  to  simulate 
realistically.  The  6-DOF  moving-base  simulator  was  most  repre¬ 
sentative  of  flight.  In  the  fixed-base  simulator,  and  in  the  moving 
base  when  flown  IFR,  cues  provided  by  the  yaw  parameter  displays 
were  unrealistic  for  both  steady  hover  and  hovering  turns.  There¬ 
fore,  ratings  obtained  for  these  tasks  were  not  related  to  flight. 

Efforts  to  improve  yaw  parameter  displays  are  recommended  and 
should  be  directed  toward  providing  better  indications  of  angular  rate, 
preferably  in  the  form  of  peripheral-vision  cues. 

6.  Initial  investigations  of  IFR  hover  tasks  in  the  moving-base  simulator 
indicate  that  compared  to  fixed  base, angular  motion  cues  alone  pro¬ 
duce  a  significant  improvement  in  realism  and  permit  evaluations  of 
IFR  handling  qualities  tasks  including  hover  with  NO  SAS.  Linear 
motion  cues  have  a  secondary  effect  for  most  IFR  hover  tasks. 
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The  fidelity  of  simulation  of  control  characteristics  and  aircraft 
dynamic  response  in  transition  was  judged  to  be  adequate  and  repre¬ 
sentative  of  flight  in  all  simulators.  The  degree  of  difficulty  in 
performing  flight  tasks  in  transition  can  be  related  to  flight  in  terms 
of  pilot  ratings.  A  linearized  6-DOF  fixed-base  simulation  is  con¬ 
sidered  to  be  adequate  for  test  pilot  familiarization  with  both  steady- 
state  and  transient  flight  conditions  at  fixed  operating  points  in 
transition. 

The  value  of  the  fixed-base  hybrid  simulation  lies  in  its  abilities  to 
explore  continuous  conversions  and  reconversions,  to  identify 
problem  areas,  and  to  establish  piloting  techniques  and  operating 
procedures  throughout  the  transition  flight  envelope.  The  simulator 
represents  the  important  characteristics  of  transition  flight  be¬ 
havior.  The  addition  of  3 -DOF  angular  motion  capability  to  this 
simulator  would  provide  a  significant  increase  in  the  degree  of 
realism  of  continuous  transitions,  and  is  recommended. 
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APPENDIX  I 

SIMULATOR  DETAILS,  EQUATIONS  OF  MOTION,  AND  MECHANIZATION 


This  appendix  presents  the  equations  of  motion  and  mechanization  limitations 
for  the  BLFB,  BHFB,  and  ALMB  simulations. 

BELL  LINEARIZED  FIXED-BASE  SIMULATION  (BLFB) 


The  cockpit  flight  controls  and  instrument  panel  used  for  the  BLFB  simulator 
are  the  same  as  for  the  BHFB.  Hence,  both  simulations  have  essentially  the 
same  physical  limitations,  which  are  discussed  in  the  next  section. 

Mathematically  the  BLFB  is  considerably  more  limited  than  the  BHFB,  as  in¬ 
dicated  by  the  complexity  of  the  equations.  Aerodynamic  stability  and  control 
derivatives  for  the  BLFB  were  linearized  for  hover  and  several  selected  fixed 
operating  point  flight  conditions  in  equilibrium  transition.  This  type  of  simu¬ 
lation  does  not  provide  for  continuous  conversions  and  reconversions,  and  the 
extreme  ranges  of  the  X-22A  flight  envelope  where  the  linearization  does  not 
apply  cannot  be  evaluated.  Therefore,  flight  tasks  must  be  designed  so  that 
excursions  from  the  flight  condition  stay  within  the  linearized  range  of  the 
aerodynamic  derivatives.  This  type  of  simulation  does  permit  flight  evaluations 
of  aircraft  handling  characteristics  (aircraft  attitude  control  coupling,  static  and 
dynamic  stability,  etc.)  in  and  around  the  fixed  operating  point  for  which  the 
derivatives  were  evaluated.  Other  mathematical  assumptions  of  the  BLFB  in¬ 
clude  small-angle  approximations,  and  ground  axis  velocities  assumed  the  same 
as  in  body  axes. 


Equations  of  Motion  (Body  Axes) 


X  =  -g  0  -  w  q  +  (X  -uXu+Xw  +  T  cos  X)/m 
o  o  u  w 


Y  --  g  4>  -  U  r+w  p+(Y  p+Y  r+Y  v)/m 
o  opr  v 

Z  =  U  q  +  (z  +  Z  |  u  I  +  Z  w  +  Z  I  v  I  -  T  sin  X)/m 
o  o  u  '  w  v '  • 
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*■  u  w  a  a 
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8  rp  rp  J  x 
u 

(4) 
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Flight  Parameters 
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BELL  HYBRID  FIXED-BASE  SIMULATOR  (BHFB) 

The  BHFB  simulation  consists  of  two  Pace  231 -R  analog  computers  and  an 
IBM  7090  digital  computer  connected  by  a  digital-analog  data  linkage  system 
and  programmed  to  solve  the  combined  equations  of  motion  of  the  aircraft,  the 
control  system,  and  the  propulsion  system.  The  hybrid  approach  permits  a 
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more  precise  representation  of  the  nonlinear  data,  which  can  be  stored  and 
changed  independently  from  the  control  system  characteristics  and  analytical 
expressions  for  acceleration  and  inertia  coupling  terms. 

A  block  diagram  layout  of  the  hybrid  X-22A  simulation  is  shown  in  Figure  6. 
The  major  separation  between  the  digital  and  analog  computational  blocks  is 
shown,  and  the  data  flow  between  the  various  elements  is  indicated. 

The  digital  portion  of  the  simulation  performs  the  following  functions: 

1.  Control  logic  for  mode  and  subroutine  selection  options. 

2.  Calculations  of  aerodynamic  body  axis  forces  and  moments,  and 
linear  and  angular  accelerations. 

3.  Calculations  of  range,  cross  range,  and  altitude  rates. 

4.  Computations  of  total  velocity,  aircraft  attitudes  and  flight  path 
angles,  dynamic  pressure,  maximum  thrust,  thrust  coefficient, 
and  duct  exit  pressure. 

5.  Calculation  of  total  pitch,  roll,  and  yaw  control  slopes. 

The  analog  section  performs  the  following  computations  plus  all  integrations: 

1.  Linear  accelerations  due  to  gravity  and  rate  products. 

2.  Angular  accelerations  due  to  cross-product  terms  and  control. 

3.  Euler  angle  equations. 

4.  Control  system  limits  and  phasing  with  duct  angle. 

5.  Propulsion  system  and  SAS  dynamics. 

The  simulation  is  subject  to  the  limitations  implied  by  the  equations  of  motion 
and  mechanization  given  below, 

EQUATIONS  MECHANIZED  ON  ANALOG  COMPUTERS 


Summation  of  Force  and  Moment  Equations  (Body  Axes) 

u  =  -qw  +  rv  -  g  sin  5+  (u)DC  (20) 
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Figure  6.  Functional  Block  Diagram  of  BHFB  Simulation 
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Control  Power  Equations 
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Attitude  Control  System  Mechanization  Equations 
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=  (90-  \  )/  30 


(38) 


0 


n> 


max 


The  collective  stick  sensitivity  was  mechanized  as  a  variable  function  of  speed, 
according  to  the  blade  angle  travel  for  minimum  and  maximum  thrust  presented 
in  Figure  8. 

Stability  Augmentation  System  (SAS) 

The  stability  augmentation  system  was  mechanized  for  all  axes  on  function 
generators,  which  programmed  the  damping  augmentation  as  a  function  of  speed. 
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Velocity  -  kn 


Figure  8.  Propeller  Blade  Angle  for  Military  Power,  Zero  Thrust, 
and  Collective  Limits  versus  Velocity. 


Euler  Angles 


$  =  p  +  \f/  sin  $ 
g  =  q  cos  $  -  r  sin  4> 


<“>DC  =  <Cx‘1TS)  '  m 


(i)DC  '  (CzqTS)  '  m 


(42) 

(43) 


iff  =  (r  cos  ^  +  q  sin  $  )/cos  6  (44) 

EQUATIONS  MECHANIZED  ON  THE  IBM  7090  DIGITAL  COMPUTER 
Aerodynamic  Components  of  the  Force  and  Moment  Equations 
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Ground  Axis  Velocities 

<v 

=  U  (cos  ^  cos  0  )  +  v  (cos  ^  sin  8  sin  0  -sin  yfr  cos  4>  ) 
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Basic  Aerodynamic,  Control,  and  Propulsion  Data  Stored  in  the  Digital  Computer 
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I  he  pilot  perceives  flight  etns  in  the  BHFB  by  obseiving  a  flight  information 
display  panel  sit’.iated  directly  in  front  of  him.  This  panel  contains  two  dual 
trace  oscilloscopes  mounted  one  above  the  other.  These  scopes  can  be  pro¬ 
grammed  to  represent  various  configurations  of  attitude  and  horizontal  situa¬ 
tion  indicators.  For  this  program,  horizon  and  heading  information  was  pre¬ 
sented  on  the  upper  scope,  and  ground  position  and  rate  were  presented  on  the 
lower  scope.  Attitude  scope  displays  are  limited  to  ±90°  in  roll  and  ±20°  in  yaw. 
I  he  ground  velocity  presentation  used  for  hover  is  limited  to  ±40  kn  in  the 
longitudinal  and  lateral  directions.  This  presentation  was  also  used  in  the 
BLFB.  Additional  flight  parameters  are  displayed  on  3-1/4-inch  simulated 
flight  instruments  located  on  both  sides  of  the  scope  display.  These  instruments 
arc  interchangeable  to  facilitate  various  instrument  arrangements  for  research 
purposes. 


Although  the  specific  parameters  and  ranges  displayed  are  functions  of  the  in¬ 
dividual  simulation  objectives,  the  ones  most  generally  used  are  given  in 
I  nble  XV 


TABLE  XV.  FLIGHT  PARAMETER  DISPLAYS  AND  RANGES 

AVAILABLE  IN  THE  BLFB  AND  BHFB  COCKPITS 

- 1 

Display 

Range 

uaromotric  Altitude 

0  to  30,000  ft 

Radar  Altitude 

0  to  500  ft 

Vortical  Speed 

±4000  ft/min 

Airspeed 

10  to  350  kn 

Low  Range  Airspeed 

-40  to  160  kn 

Flight  Path  \nglo 

-20  to  +40  deg 

Duet  Angle 

0  to  1 00  deg 

Angle  of  Attack 

-20  to  40  deg 

Percent  Thrust 

0  to  IGO'-l 

Propeller  rpm 

0  to  3000  rpm 

Clock 

Time 

Rate  uf  Turn 

Full  left  or  right 
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Visual  presentation  of  flight  cues  is  limited  to  the  parameters  and  capability  of 
the  visual  displays  as  described.  The  simulation  lacks  aural,  vibrational,  and 
vestibular  cues.  The  mathematical  model  is  considered  to  be  the  best  repre¬ 
sentation  possible  with  available  data.  In  performing  continuous  transitions,  a 
minor  programming  restriction  to  be  observed  is  that  conversion  should  begin 
at  a  zero  or  positive  value  of  airspeed.  This  restriction  is  essentially  one  of 
procedure  and  does  not  constitute  a  limitation  to  the  useful  transition  flight 
envelope. 

Additional  complexities  that  have  been  simulated  include:  representation  of 
ground  plane,  ground  effects,  and  control  system  lost  motion  and  hysteresis. 
The  ground  plane  equations  were  evaluated  to  be  unjustifiably  complex  in  view 
of  the  lack  of  aural,  peripheral-vision,  and  vestibular  cues.  It  was  found  that 
with  sufficient  practice  pilots  wore  able  to  develop  an  adequate  vertical  takeoff 
and  landing  technique  without  the  ground  plane,  by  using  a  combination  of  the 
information  provided  by  altimeter  and  the  vertical  speed  indicator  (VSI).  Since 
without  a  ground  plane,  the  VSI  reads  negative  for  thrust  levels  less  than  the 
weight  (i.e.,  unrealistic  readings  before  takeoff  and  after  landing),  the  pilot 
must  provide  compensation.  For  takeoff,  he  compensates  by  gradually  in¬ 
creasing  thrust  and  speed  until  the  VSI  reads  positive,  which  is  the  indication 
of  takeoff.  For  landing,  he  reduces  thrust  and  monitors  0  >  altimeter  and  the 
VSI,  keeping  the  VSI  within  landing  gear  design  limits  until  the  altimeter  reads 
zero,  which  is  the  Indication  that  the  landing  is  completed.  Nonlinear  ground 
effects  in  fixed  base  were  evaluated  to  be  unrealistic.  There  were  no  dis¬ 
cernible  effects  on  the  performance  of  vertical  landings  and  takeoffs. 

Effects  of  lost  motion  and  hysteresis  in  the  control  system,  on  flight  charac¬ 
teristics  in  hover  and  transition,  were  evaluated  in  the  simulator,  using  data 
results  from  tests  of  the  actual  flight  hardware.  The  pilots  were  annoyed  by 
minor  effects  on  their  ability  to  control  attitude,  but  in  general  they  felt  that 
the  overall  burden  of  the  hover  and  transition  work  losd  was  not  increased 
significantly.  These  effects  were  then  deleted  to  conserve  equipment  Gusts 
were  not  represented  In  the  BHFR,  because,  after  flying  tho  aircraft,  the  pilots 
felt  that  the  simulator  was  already  difficult  enough  to  fly  relative  to  the  air¬ 
craft,  and  that  the  inclusion  of  gusts  would  add  to  the  work  load  and  would 
widen  this  disparity  with  respect  to  flight. 

AMES  LINEARIZED  MOVING- BASE  SIMULATION  (AIM R) 


The  ALMB  simulation  was  originally  mechanized  on  analog  computers  Although 
still  essentially  the  same,  it  has  since  been  convened  to  a  hybrid  program  im¬ 
plemented  on  two  £At  231-R  analog  computer*  and  one  EAI  *>400  digital  com¬ 
puter,  in  accordance  with  the  Ames  long-range  simulator  improvement  program 
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The  aircraft  equations  of  motion  and  the  real-time  coordinate  transformation 
equations  are  programmed  on  the  digital  computer  portion.  The  analog  com¬ 
puters  are  used  to  generate  the  aerodynamic  and  control  forces  and  moments 
and  to  drive  the  simulator  and  the  information  displays.  Motion  computation  is 
exact  and  is  done  in  body  axes.  Motions  are  than  transformed  into  simulator 
gimbal  angle,  inertial  space,  and  Euler  angle  drives,  which  are  used  by  the 
simulator  to  drive  the  cockpit. 

The  configuration  of  the  attitude  controls  was  generally  representative  of  the 
X-22A.  Pitch  and  roll  stick  force  gradients  were  obtained  with  an  undamped 
bungee  feel  system .  Control  forces  and  travels  were  adjusted  to  conform  to 
X-22A  values.  Overall,  the  simulator  control  characteristics  were  similar  to 
those  of  the  X-22A  and  were  generally  acceptable. 

The  attitude  control  stick  moved  easily  and  smoothly  and  returned  to  center 
quickly  when  released.  A  pitch  and  roll  attitude  trim  switch  located  on  top  of 
the  stick  was  not  operative.  However,  a  duct  rotation  switch  on  the  collective 
stick  was  used  to  trim  pitch  attitude  when  desired.  This  trim  characteristic 
differed  from  the  X-22A,  which  can  trim  stick  forces  in  any  stick  position;  the 
difference  does  not  constitute  a  significant  simulator  limitation. 

Rudder  pedals  operated  smoothly  and  stayed  where  set  because  there  was  no 
pedal  force  gradient  or  positive  centering.  Pedal  breakout  and  friction  forces 
were  generally  similar  to  those  of  the  X-22A  in  hover;  the  X-22A  has  usually 
been  flown  without  a  force  gradient  in  yaw. 

The  collective  stick  was  mounted  on  the  left  side  of  the  cockpit  as  in  the  air¬ 
craft.  Because  there  is  an  appreciable  variation  with  forward  speed  of  power 
applied  per  unit  of  propeller  blade  angle  in  the  X-22A,  the  control  sensitivity 
of  the  collective  stick  increases  significantly.  These  characteristics  were 
accurately  represented  in  the  simulator  by  using  appropriate  values  at  each 
fixed  operating  point  flight  condition  investigated,  but  the  linearized  collective 
stick  sensitivity  gradient,  with  respect  to  speed,  was  assumed  to  be  negligible. 
This  simplification  has  no  significant  Influence  in  hover  and  transition  for  the 
range  of  speeds  away  from  trim  investigated. 

The  ALMB  used  essentially  the  same  equations  of  motion,  hover  derivatives, 
and  system  characteristics  as  used  for  the  BLFB,  and  it  has  the  same  inherent 
mathematical  and  information  display  limitations.  Aerodynamic  stability  and 
control  derivatives  were  linearized  from  the  nonlinear  data  as  programmed  in 
the  BHFB  simulation. 


71 


The  essential  differences  between  the  two  mathematical  models  are  the  glmbnl 
drive  equations  and  the  wind,  gusts,  and  ground  effect  models,  which  were 
included  primarily  because  of  the  ALMB  motion  capability.  Other  differences 
between  the  mathematical  models  are  that  in  the  ALMB,  angles  are  calculated 
without  using  small-angle  approximations,  and  body  axis  motions  are  trans¬ 
formed  into  the  inertial  space  axis  system  to  operate  the  gimbal  angle  drives. 
The  following  equations  of  motion  are  written  as  programmed  for  the  ALMB 
simulator. 

Equations  Mechanized  on  Analog  Computer 


Equation  of  Motion  (Body  Axes) 


rp 


where  K„  =  f  (h/D) 
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XA  =  =  (Xq  +  X^u  +  xwAw  +  T  cos\)/m  (87) 

YA  =  YA/m  =  <YvV  +  V  +  Yrr)/m  <88> 
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Equations  Mechanized  on  Digital  Computer 


X  =  X.  -  g  sin  0  +  rv  -  qw 
A 

•  •  ft* 

Y  -  Ya  +  g  cos  0  sin  <t>  -  rU  +  pw 
••  •• 

Z  =  Z  +  g  cos6»cos</>  +  qU  -  pv 

P  =  PA  -  (-^-j — y)qr  +  (y5)  (r  +  qp> 
x  x 


y  y 


(94) 

(95) 
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p  +  tan  6  (q  sin  4>  +  r  cos  <t>) 

(100) 

q  cos  0  -r  sin  4> 
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(r  cos  6+  q  sin  0)/cos  $ 

(102) 

-1  /w\ 
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L  "V  V  ^ 

(104) 

1  \  i/tt2  4.  2  / 
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Body-Axis-  o-Inertial-Axis  Transformation 


All  computations  are  done  in  body  axes  and  transformed  into  inertial  or  grount' 
axes  through  the  following  matrix. 
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sln^cos  8 


-sin  8 


A 
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Body 


cos^sln*cos4 

♦sin^sln# 


sin^sin*cos$  cos*cos$ 
-cos^sin* 


Inertial 

(Ground) 


Transformation  of  Winds  and  Gusts 


Winds  and  gusts  are  introduced  as  velocity  inputs  in  the  inertial  axis  system 
and  transformed  into  the  body  axes  by  the  following  matrix. 


u 

coslcos^ 

sin$sin*cos^ 

sin^sin  i 

U 

-cos^sin^ 

+cos$sin*cos^ 

V 

a 

cos  *  sin  ^ 

cos  ♦cos 

cos*  sin*  sin 

V 

+sin*sin*sin^ 

-sin*cos^ 

w 

Inertia 

-sin* 

sin4cos* 

COS* COS* 

w 

(107) 


Representation  of  Winds  and  Gusts 


A  gust  model  developed  as  the  result  of  automatic  landing  system  studies  was 
used  in  the  ALMB  to  simulate  low-altitude  and  ground  effect  turbulence.  This 
model  expresses  the  gust  power  spectral  density  as 


PSD(w  )  = 
S 


1) 


2 


(108) 


Early  trials  used  a  value  for  rms  gust  velocity,  of  V/4,  which  was  unani¬ 
mously  judged  to  be  much  more  severe  than  ever  experienced  in  flight. 
Further  evaluation  at  lower  values  of  indicated  that  V/8  to  V/10  is  a 
better  approximation  of  actual  conditions;  these  lower  values  were  used 
throughout  the  program. 
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APPENDIX!! 

DATA  COMPILATIONS  OF  PILOT  RATINQ8  AND  COMMENTS 


This  appendix  contains  compilations  of  Individual  pilot  ratings  and  comments 
from  the  various  simulations  and  flights  (Tables  XVI  through  XXV).  Data  aro 
classified  in  major  categories  by  flight  regime  and  compiled  in  subcategorios 
by  flight  task  so  that  there  is  a  task-by-task  relationship  botwocn  simulator  and 
flight  results.  The  data  presented  were  compiled  directly  from  the  raw  data 
and  have  not  been  adjusted  or  interpreted  for  differences  in  FULL  SAS  levels 
between  simulations  which  are  listed  in  Table  IV. 
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TABU  XVI 

COMPILATION  OF  PILOT  KATINOB  AND  COMMENTS  FOR  HOVER  HEIGHT  CONTROL 

Cam 

tAS 

BCD 

Pilot 

Comm  ill 

BUB 

it  non 

FULL 

2*1-4 

F 

Height  control  comparable  to  atrcrAlt  but  •lightly  mom  difficult,  probably  due  to  concentra'ion 
on  alllluda.  Lean  effort  to  climb  than  to  tranalate,  tinea  Ihrutt  required  vartea  with  apeed. 
Simulator  rtMmblea  aircraft  but  requlrea  more  throat  chanfa  with  apeed*  Initiation  and  eubl- 
llialton  of  climb  and  daacent  were  comparable  to  aircraft,  Tendency  to  overahoot  or  PIO 
Termination  taemad  alow  compared  to  fltfht  and  waa  rated  Inferior.  There  waa  a  alight 
tendency  to  overahoot  but  no  tendency  to  PIO. 

1/2 

4-ft 

F 

Noticeably  leae  attitude  damping  More  difficult  with  1/2  SAS,  probably  due  to  concentration  on 
altitude. 

full 

2-4 

H 

Similar  to  aircraft.  Climb*  and  deacenta  were  Initiated  and  atablllaed  quickly  In  a  manner 
•Imllar  to  the  aircraft  with  no  Interactlona  In  pitch  and  roll.  Vertical  ratea  eatlly  arretted 
(RCR  2-3).  Deacenta  were  more  difficult  to  atop  In  the  almulator  (RCR  5).  The  tendency  to 
overahoot  the  target  altitude  waa  objectionable  and  reaulted  In  a  mild  tendency  to  PIO  (RCR  4). 

1/2 

4-5 

H 

Thruet  control  ictivlly  la  high  In  turn  maneuver#  and  lateral  tranalatlona.  With  1/2  SAS,  more 
concentration  la  required  (RCR  ft).  Thruat  reaponae  and  overall  performance  of  climb  and 
deecent  average  (RCR  9).  Slight  overahoot  in  climb  and  objectionable  overahoot  in  deacent. 
Tendency  to  PIO.  Pilot  able  to  compenaate. 

■  UB 

isdofi 

FULL 

2.2-4 

F 

Same  general  comment#  aa  for  6  DOF.  Climb  and  deacent  poaalbly  eaaler  due  to  fewer  degree# 
of  freedom. 

1/2 

F 

Slight  degradation  with  1/2  SAS  but  not  enough  to  affect  rating#.  Climb  and  deacent  with  1/2  SAS 
not  a#  difficult  aa  •  DOF. 

full 

2-2 

H 

2 -DOF  laak  unraallatlcally  aaay.  Sam.  general  commente  and  ratlnga  oc  for  4  DOF  for  FULL 
and  1/2  SAS 

1/2 

2-4 

H 

ALMB 

TULL 

2 

B 

Similar  to  aircraft,  collective  poeltton  for  hover  uncomfortable,  no  attitude  Interactlona  with 
collective  noted.  Collective  would  not  atay  where  Ml,  making  tank  more  difficult  than  In 
aircraft  (RCR  4). 

TULL 

4 

C 

Throat  control  Inferior  due  to  poor  combination  of  collective  friction  and  aaneltlvlty,  alao  no  me 
free  play.  No  appreciable  degradation  with  gueti. 

1/2 

2 

C 

Slight  further  degradation  with  gueta  (a  RCR  -  -1.0) 

ruu. 

4 

E 

Throat  control  activity  aaceaalva  and  eltitudn  control  Infarlor.  Major  pilot  effort  required  to 
hold  at  ft.  Height  damping  more  noticeable  In  eimulator  then  In  aircraft,  reaponae  to 

collective  eup  almott  Identical  to  aircraft.  Cbengea  In  pilch  attitude  due  to  thruet  control  are 
email. 

1/2 

ft 

E 

Arduoua  taak  with  wlnda  plua  hlgh-lntenelty  gueta.  No  attitude  coupling  with  thruat.  Guata  maak 
vertical  accalaritlon  cue.  due  to  control.  Initial  reaponae  to  climb  and  deacent  commande  rated 
normal  with  aupartor  vertical  rata  eUbUltetlon  (RCR  3).  Ability  to  terminate  cllmbe  and 
dnneenla  waa  average,  with  alight  tendency  to  overahoot  and  no.  With  wlnda  and  gunta,  over¬ 
ahoot  and  PIO  tendenclea  were  objectionable  (RCR  C). 

0 

7 

E 

Increieed  pilot  effort  over  1/2  SAS.  S-kn  heed  wind  and  minimum  gunt  level*  controlled. 

FULL 

2 

r 

Height  control  charectertellca  rated  normal.  Climb  and  deacent  initiation,  level-off,  and  control 
reaponM  rated  average.  No  tendency  to  overahoot  or  PIO. 

1/2 

2 

r 

Rating  given  le  without  guete.  Rating  with  gueta  la  degraded  to  RCR  (. 

0 

S 

F 

Rating  glvan  la  without  guata.  Rating  with  guatn  la  further  degraded  to  RCR  8. 

FULL 

4 

G 

Simulator  wee  more  reaponalv*  to  down  collective  end  eaaler  to  get  a  eatlafactory  deacent  rate 

In  than  aircraft.  Slight  Increaae  tn  vertical  rata  damping  would  reduoe  pilot  effort  and  Improve 
rating.  Control  nctlvlty  waa  slightly  above  a  good  helicopter,  but  even  moat  helicopter!  require 
too  much  effort  for  RCR  3. 

1/2 

• 

G 

A  a  SAS  dacraaaaa,  heifht  control  Uak  ramatna  tha  aama,  but  because  pilot  concentrates  more 
on  attitude  control  taak,  wider  variations  In  hatch!  are  experienced  at  reduced  SAS  levels. 

FULL 

2-2 

H 

Thruet  control  activity  for  hover  rated  low,  altitude  control  aupartor.  Deed  bend  In  collective 
ettek  near  trim  le  unreallatlc.  Ability  to  Initiate  cllmbe  and  deacent*  rated  aupartor  due  to 
feet  reaponae  to  control  Inputa.  A  mild  tendency  to  overahoot  final  attitude  reaulted  In  alight 

PIO  tendency.  Ability  to  level  off  rated  average. 

1/2 

2-4 

H 

Thruat  control  activity  rated  normal;  altitude  control  average.  Climb  and  deacant  Uak  rating 
downgraded  epproxlmaUly  1  unit  from  full  SAS. 
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TABLE  XV?  (CONT) 


SAS  RC!t 


FULL  5-9 

0  7-8 

FULL 
FULL  3 
FULL 


FULL  5 
FULL  4 


FULL  4-8 


Insufficient  cues,  best  cue  Is  vertlcsl  rate. 

Height  control  activity  rated  excessive.  Task  made  more  difficult  by  leek  of  hand  support. 

Altitude  very  difficult  to  hold  without  concentration.  Collective  control  will  not  stay  set. 
Vertical  control  axis  rated  inferior  to  average, 

Height  hard  to  Judge  due  to  Insufficient  vertical  cues.  Attitude  Interactions  due  to  thrust  control 
are  minimal.  Height  control  and  ability  to  control  rates  of  climb  and  descent  rated  Inferior 
with  FULL  SAS. 

Height  control  and  ability  to  hold  rates  of  climb  and  descent  rated  poor  with  NO  SAS 
Ability  to  hold  altitude  poor,  ability  to  climb  and  descend  average. 

Height  control  rated  normal  as  compared  to  aircraft.  No  problem  In  climbing  or  descending. 


Height  control  average.  Lack  of  centering  In  collective  noted.  Ability  to  climb  and  deacend 
rated  average. 

Pilot  developed  a  damped  vertical  PIO  of  large  amplitude  which  he  attributed  to  combination  of 
poor  visibility,  collective  stick  sensitivity,  and  lack  of  power  indicator. 

Accurate  control  of  rate  of  climb  and  descent  rsted  poor  to  inferior  (BCR  4-5).  Difficult  to 
control  climb  through  ground  effect  (RCR  4).  Rate  of  descent  still  harder  to  control  (RCR  5). 

Height  control  poor;  prolonged  effort  to  stabilize. 

Control  within  33  feet  is  relatively  easy  task.  Tight  height  control  (il  ft)  la  difficult  (RCR  8). 
Slight  increase  in  activity  with  fwd  or  lateral  speed  (  a  PR  -  -1.0).  Very  good  thrust  response. 
Rates  of  climb  and  acscent  can  he  established  and  held  or  stopped  aa  required  for  typioal 
flight  maneuvers. 

Height  control  activity  high.  Controllability  rated  Inferior  to  average  (RCR  4-8).  Difficult  to 
control  vertical  rates  and  altitude  OGE,  possibly  because  of  poor  visibility  at  high  hover  height 
flown.  Inferior  to  average.  Descent  rate  hardest  to  control  (RCR  4-6).  Controllability  deteri¬ 
orates  further  IGE.  PIO  developed  twice  (RCR  9). 

Requires  attention  to  maintain  height.  Not  too  much  variation  of  height  with  speed  in  and  around 
hover.  Ability  to  initiate  and  stabilize  climb  and  descent  rated  average.  Ability  to  terminate 
rated  Inferior  for  climb  (RCR  3)  and  superior  for  descent  (RCR  2).  No  tendency  to  overshoot 
noted  in  descent.  Overshoot  tendency  in  climb  is  mild.  Slight  tendency  to  PIO  rated  RCR  4. 
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TABLE  XVII.  COMPILATION  OK  PILOT  HATINOS  AND  COMMENTS  FOR  HOVER 
ATTITUDE  CONTROL  ACTIVITY  (PITCH.  ROLL.  YAW) 


Representative  of  X-22A  in  pitch  and  roll. 


Simulator  difficult  to  trim  In  yaw. 


Pitch  activity  minimal  for  hover,  climb,  and  dem  ent;  low  for  forward  and  lateral 


translation!. 


Roll  activity  minimal  for  hover,  climb  and  descent,  nnd  forward  translation,  in 


creasing  to  high  for  lateral  translations. 


Yaw  Is  more  difficult  to  keep  within  t5  than  aircraft,  nnd  activity  is  high  for 


lateral  translations. 


Slight  degradation  In  handling  qualities  with  1  f'l  SAS  but  not  enough  to  affect  Cooper 
ratings. 


Unrealistically  easy;  minimal  pitch  activity  in  climb  and  descent.  No  interaction 


due  to  power 


Roll  activity  low  for  climb  and  descent,  high  for  forward  translation,  and  excessive 


for  lateral  translation  with  I  2  SAS. 


Yaw  control  activity  is  high,  particularly  for  lateral  translations  with  1  2  SAS. 


Very  similar  to  actual  aircraft.  No  control  interactions  of  any  significance  noted. 
Control  activity  minimal  in  all  axes  with  FULL  SAS 


Pitch  and  roll  activity  rated  normal  with  FULL  SAS;  high  with  1/2  SAS. 
Yaw  activity  rated  minimum  to  low  with  FULL  SAS;  normal  with  1/2  SAS 


Gust  levels  generally  too  high.  Aircraft  not  nearly  as  sensitive  to  gusts.  Best 
representation  of  average  flight  condition  la  1/2  low  level  gust. 

Slight  degradation  of  handling  qualities  in  ail  axes  with  1  / 2  SAS. 

Gusts  degrade  ratings  to  RCR  6  for  1  2  SAS  and  RCR  9  for  NO  SAS. 


Pitch  and  roll  control  activity  rnted  high, becoming  excessive  as  SAS  decreases.  No 
couplings  noted  (RCR  1).  Attitude  response  very  fast  in  pitch  and  roll.  Attitude 
control  rated  average  near  trim.  Speed  control  rated  poor  due  to  lack  of  force 
trim.  Noseup  easier  to  control  than  noaedown  which  was  more  uncomfortable 
and  harder  to  determine  proper  Input  to  correct  disturbances. 

Yaw  control  activity  rated  minimal. 


Low  activity  with  FULL  SAS  and  high  with  1/2  SAS 
Same  as  pitch. 

Minimal  with  FULL  SAS,  increasing  to  normal  with  1/2  SAS. 


Pitch  control  activity  rated  normal  for  hover  task;  no  unusual  control  couplings. 
Roll  activity  high  due  to  lack  of  physical  cues. 

Best  control  axis;  excessive  trim  drift. 


Control  activity  for  both  pitch  and  roll  was  rated  low.  Spot  hover  relatively  casv. 

Slight  tendency  to  cycle  lateral  control  in  PIO  of  2  cps  which  disappeared  with 
practice. 

Yaw  control  task  made  unrealistically  difficult  due  to  nature  of  display.  Yaw  ac¬ 
tivity  rated  excessive. 


TABLE  XVn  (CONT) 

RCR 

SAS 

Cue 

Axis 

Full 

1/2 

0 

Pilot 

Comment 

BHFB 

P 

2-3 

2-3 

5 

C 

Ability  to  hold  forward  speed  average. 

R 

3 

4 

6 

c 

Ability  to  hold  literal  apeed  Inferior. 

y 

2-3 

3 

3 

c 

Superior-,  control  couplings  difficult  to  determine  because  height  was  seldom 
stabilized. 

p 

5 

- 

7 

D 

Pitch  activity  rated  normal;  control  cross -coupling*  low  In  all  axes. 

R 

7 

- 

9 

D 

Roll  activity  rated  excessive. 

Y 

6 

- 

7 

D 

Yaw  control  activity  rated  high. 

P 

- 

- 

- 

E 

Pitch  control  activity  rated  high,  ability  to  translate  average. 

R 

- 

- 

- 

E 

Roll  activity  rated  excessive. 

Y 

- 

- 

- 

E 

Yaw  control  poor  and  not  considered  to  be  representative  of  aircraft  due  to  display 
and  trim  drift. 

P 

3 

- 

- 

F 

Ability  to  hold  forward  speed  average. 

R 

4 

- 

- 

F 

Roll  control  task  slightly  harder  when  stabilizing  heading  off-wtnd. 

Y 

3 

- 

- 

F 

Yaw  trim  difficult  to  achieve;  otherwise,  control  activity  to  hold  heading  average. 

Flight 

P 

I 

- 

- 

B 

Steady  hover  was  relatively  easy.  Pitch  activity  was  rsted  low.  Pilot  effort  In 
roll  and  yaw  rated  normal. 

P 

3 

- 

c 

Pitch  and  roll  activity  normal  OGE  and  high  IGF, 

R 

3 

- 

- 

C 

Yaw  due  to  roll  control  considered  to  be  normal. 

Y 

2 

- 

- 

C 

Yaw  control  In  ground  effect  slightly  higher.  Height  and  roll  coupling  due  to  yaw  1 
control  rated  low. 

P 

5 

6 

5 

D 

Visibility  for  spot  hover  limited  by  high  forward  Instrument  penel.  Pltcl  attitude 
trim  with  ducts  (RCR  3). 

R 

5 

- 

5 

D 

Roll  control  sensitive;  high  pilot  effort  In  this  nxls.  Possibly  slight  right  yaw  with 
left  roll  rate  (RCR  3).  No  ysw  due  to  literal  apeed  IRCR  1). 

Y 

3 

- 

5 

D 

Mild  loss  of  height  with  yew  Inputs.  No  BAS  ratings  are  for  very  low  fwd  ind 
lateral  velocities  (l.e.,  email  influence  of  aeropropulelve  speed  derivatives). 

P 

2 

- 

- 

E 

Attitude  and  directional  controls  very  effective;  minimum  effort  required  In  steady 
hover. 

R 

2 

- 

- 

E 

Y 

2 

- 

- 

E 

P 

3 

- 

- 

F 

Attitude  relatively  eesy  to  maintain.  Yaw  axle  Is  beet.  Control  more  difficult  ICE 

In  pitch  and  roll  (RCR  5)  and  yaw  (RCR  4). 

R 

3 

- 

- 

F 

Y 

3 

- 

- 

F 

P 

3-4 

- 

- 

G 

Pitch  activity  rated  normal;  roll  normal  to  high  and  yaw  normal  to  low. 

R 

4-5 

- 

- 

G 

Aircraft  easy  to  control,  but  very  fast  attitude  response  Is  somewhat  undesirable. 

Y 

3 

- 

- 

G 

Pitch  and  roll  ratings  degrade  IGE  to  (RCR  5)  and  (RCR  7).  Yaw  rated  seme  ICE. 

R 

3 

- 

- 

H 

Pitch  control  activity  rated  normal  with  some  tendency  to  overpower  SAS. 

R 

2 

- 

- 

H 

Roll  control  activity  for  steady  hover  task  la  low. 

y 

3 

- 

- 

H 

Yaw  control  rated  normal. 
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TABLE  XVIII.  COMPILATION  C  F  PILOT  RATINGS  AND  COMMENTS  FO H  ORWARD 
TRANSLATIONS  (CONTROL  OF  PITCH.  ATTITUDE  AND  SPEED) 


CtM 

BLFB 

FULL 

(•  DOF) 

1/1 

FULL 

BLFB 

FULL 

(3  DOF) 

1/1 

FULL 

ALMB 

FULL 

Comment 


Thrust  change  with  speed  higher  than  In  aircraft  (i.e.,  increase  power  to  increase  speed) 
Simulator  Ion  s  control  of  altitude  in  rapid  aft  translation. 


Average  for  speed  control  and  superior  for  attitude  control.  Fast  initial  r  .*sponse  with  a  mild 
overshoot  and  alight  PIO  tendencies  on  recovery.  Requires  increase  in  h  **ust  with  speed  to 
hold  altitude. 


Normal  response  to  control;  no  tendency  to  overshoot  or  PIO. 

Very  little  difference  from  FULL  SAS.  Pilot  compensates  when  contrvil  task  is  simplified 


Unrealistically  easy.  Fast  response  to  pitch  control  with  mild  tendency  to  overshoot  and  PIO 
but  not  objectionable. 


Rating  applies  in  and  around  hover.  Increased  pilot  compensation  required  with  increased 
attitude  to  overcome  PIO  tendencies.  Degrade  ratings  by  a  PR  =  2.0  at  9  -  -25  \  No  degrada¬ 
tion  II  duct  trim  is  used.  Initial  response  to  control  was  rated  slow,  although  ability  to  initiate, 
stabilise,  and  terminate  translations  was  rated  superior. 


Good  simulation  of  airplane.  Overshoot  and  PIO  tendencies  slight  to  mild  (RCR  4)  with  gusts 
Overshoot  and  PIO  tendencies  m»ld  to  objectionable  (RCR  4)  with  gusts 


Rearward  attitude  excessive  for  velocity.  Simulator  seems  to  accelerate  beyond  poirt  where 
aircraft  should  reach  steady  state  Superior  ability  to  initiate  translation  bat  termination 
inferior.  Objectionable  tendency  to  overshoot  results  in  mild  PIO  tendency  (RCR  4). 

Same  comments  as  above.  Gusts  further  degrade  rating  (RCR  5). 


Similar  to  aircraft.  Ducts  used  to  trim  at  higher  forward  speeds  No  overshoot  tendency. 
Slight  degradation  without  gusts.  Degrade  to  RCR  6  with  gusts. 


Attitude  control  task  resembles  aircraft.  Static  match  appeared  to  be  good  Difficult  to  stabilize 
speed  with  stick  position  near  trim  due  to  breakout.  Better  away  from  trim.  Initial  response  to 
control  input  rated  very  fast  (RCR  5).  Pulse- type  control  (i.e  ,  pulse  to  start  pitch  change  and 
equal  opposite  pulse  to  stop)  used  to  make  attitude  changes  gave  tendency  to  overcontrol  (PIO) 
Did  not  like  it.  Forward  acceleration  and  speed  control  using  duct  rotation  quite  nice;  rated 
superior  to  average  (RCR  2-3).  Response  to  gusts  (RCR  1). 


FULL 
1/2 

FULL  I  2-3 


FULL  2 
2-3 


Pitch  attitude  with  NO  SAS  controllable  near  trim  using  pulse- type  control  (RCR  4).  Much  more 
difficult  away  from  trim  (RCR  6).  Noseup  easier  than  nosedown  which  was  more  uncomfortable 
and  harder  to  determine  proper  control  input  to  correct  disturbances.  RCR  ti  near  trim  and 
RCR  7  away  from  trim. 


Superior  speed  control  and  initial  attitude/speed  response.  Mini  tendency  to  overshoot  and  PIO 

Fast  initial  response  to  pitch  control.  Ability  to  terminate  translation  is  inferior  with  objection¬ 
able  tendency  to  overshoot  and  PIO  (RCR  5). 


Average  for  holding  pitch  attitude  and  steady  forward  speed.  Steady  translations  in  calm  wind 
(RCR  2) 

Ability  to  control  forward  speed  and  attitude  rated  inferior  to  average  Increasingly  worse  as 
SAS  is  reduced 

Ability  to  hold  speed  once  attitude  is  achieved  is  rated  superior  Marked  degradation  with  NO  SAS 
(RCR  6) 

Ability  to  translate  and  maintain  forward  speed  rated  average 
Translations  can  be  made  at  steady  forward  speeds  without  difficulty. 


Ability  to  make  forward  translation  is  average. 

Rated  for  stick  control.  Duct  rotation  not  used.  Initiation  and  termination  rated  superior 
Stabilization  rated  average.  Slight  tendency  to  small-amplitude  PIO  at  1  cps. 

Stick  position  demands  a  I'nesrized  velocity,  but  task  rated  inferior  because  control  sens'Uvity 
makes  attitude  hold  task  difficult.  Objectionable  PIO  noted  (RCR  6).  Task  without  attitude  hold 
requirement  rated  superior  to  excellent  (RCR  2).  Height  gain  noted  with  forward  speed  (RCR  4). 
Noseup  pitching  moment  (RCR  5)  and  height  gain  (RCR  4)  noted  with  increased  forward  speed 
Both  undesirable  for  hover. 

Forward  stick  and  duct  rotation  both  increase  forward  speed.  Pilot  prefe-s  duct  control  (RCR  2). 
Duct  buzz  heard  and  felt  at  A  =  80°  and  V  =  20  kn.  Noise  level  very  uncomfortable. 

Translation  easily  accomplished.  High  nosedown  attitudes  uncomfortable.  Preferable  to  rotate 
ducts  for  trim  if  speed  is  to  be  maintained  for  any  length  of  time  Speed  control  is  good. 

Average  to  superior  to  start  and  stop.  Harder  to  maintain  steady  over  long  distances.  Degrades 
IGE  (RCR  6). 

Ability  to  initiate  translation  rated  inferior  (RCR  4).  Ability  to  stabilize  trim  and  termination 
capability  average  (RCR  3).  Fast  initial  response,  with  slight  tendency  to  overshoot,  but  no  PIO 
noted  (RCR  2). 


TABLE  MX  COMPH-ATION  OF  PILOT  RATINGS  AND  COMMENTS  FOR  LATERAL  TRANSLATION'S 
(CONTROL  OF  ROLL  ATTITUDE  AND  LATERAL  SPEED) 


Caw  SAS  RCR 


BLFB  FULL 


BLFB  FULL 
H  DOF)  ,  ... 


ALMB  FULL  i 


FULL 


Normal  aircraft  reeponw  to  control  Input.  No  overshoot  or  PIO  tendencies.  Height  control 
slightly  more  difficult. 

Roll  control  activity  rated  high.  Slight  tendency  to  overshoot  and  ISO. 


Control  act.. Ity  rated  high,  and  ability  to  hold  lateral  spaed  or  altitude  rated  average. 

Roll  control  activity  noticeably  greater  than  FULL  SAS  Ability  to  hold  speed  rated  average  but 
ability  to  hold  attitude  rated  Inferior. 


Normal  aircraft  tesponw  to  control  input.  No  overshoot  or  PIO  tendencies. 

Only  slight  degradation  from  FULL  SAS.  qualitatively  same  rating  Pilot  compensates  far 
damping  because  control  teak  is  simpler  In  S  DOF. 


Height  control  difficult.  Initiation  of  translation  la  last,  with  a  mild  tendency  In  overshoot  and  a 
alight  tendency  to  PIO,  which  were  not  ob)ectionable . 

Initiation  of  translation  is  fast  with  Increased  tendency  to  overshoot,  which  was  ob|ertlonable .  and 
a  mild  but  not  ob)ecttonable  tendency  to  RO. 


Control  task  to  stabilise  translation  increased  subetanttally  with  speed  due  to  Inch  of  roll  attitude 
trim  (RCR  5  at  ii  kn).  Other  comments  same  as  for  fwd/aft  translations. 


With  gusts,  ability  to  stabilise  was  average,  with  alight  tendencies  to  overshoot  and  RO  (RCR  *). 
Lateral  trim  would  help  very  much  at  higher  lateral  speeds.  Attitude  control  with  lateral  gusts 
very  oblectionable . 

With  gusts,  ability  to  stabilise  was  inferior  with  mild  to  obtertlunable  overshoot  sad  no  tenden¬ 
cies  (RCR  5). 


See  comments  on  fwd/aft  translations. 

Same.  Stabilised  translation  more  difficult  with  gusts  and  rating  degrades  to  (RCR  4-S|. 


See  comments  on  fwd/aft  translations. 


in  translating  at  IS  kn  or  more,  attitude  was  uncomfortable  and  pilot  activity  larreassd  (RCR  4). 
Hard  to  hold  position  in  wtads  over  IS  kn.  Gusts  were  fslt  linearly  and  not  angularly. 

Other  comments  similar  to  those  for  forward  translation  task. 


See  comments  for  fwd/aft  translations . 


FULL  ! 


Ability  to  hold  lateral  speed  rated  Inferior,  increasingly  worse  as  SAS  Is  reduced. 

Ability  to  hold  lateral  speed  once  attitude  has  been  achieved  was  rated  smnirtor.  Marked 
degradation  with  NO  SAS  (RCR  4). 

Ability  to  bold  latera.  speed  rated  inferior. 

Inferior  ability  to  hold  both  lateral  speed  and  attitude. 


Ability  t»  mane  lateral  translations  rated  average. 

Ability  to  initiate  and  terminate  rated  superior.  Ability  to  stabilize  rated  avorsge. 

Lateral  translation  rated  superior  to  eacellent.  without  requirement  to  atabiliae  attituos. 
Increasing  lateral  stick  displacement  required  with  lateral  velocity.  Initial  response  Is  fast, 
with  a  small -amplitude  RO  tendency  (RCR  S).  Good  speed  damping,  but  bank  angles  are  high. 
Task  of  stabilizing  at  attitude  rated  poor  (RCR  Sf. 

Pilot  effort  for  attitude  stabilization  task  is  greater  than  for  forward  translation,  initial  reepoa 
fast,  wit!  an  obfectionable  tendency  In  PIO  (RCR  S).  Stabilizing  at  spa  id  requires  a  small 
amount  of  pedal. 

Translation  is  easily  accomplished.  Steady  speed  Is  easily  developed  aad  -n-lntatatil 

Lateral  translation  rated  superior,  but  lateral  speed  harder  to  control  than  forward  spaed. 
Rating  degrades  IGE  (RCR  5-Tf- 

Initiation  and  stabilizatior  rated  inferior  (RCR  4).  Ability  to  terminal-  rated  superior  (RCR  If. 
No  tendencies  to  overshoot  or  RO  were  noted. 
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table  no 

OUMPI 

LATtON  OF  PILOT  PATINO*  ANO  COMMENT*  FOB  HOVER  IN  GROUND  EFFECT 

CM* 

Ul 

BCf 

riM 

Comment 

AIM* 

*FVLL 

s 

• 

Urowad  hBIm  was  positive  but  llii  nolioeeble  than  (Ilf bt.  Combined  longitudinal  and  lateral 
l«au  produce  llatarlud  body  accelerations  ratter  than  angular  ctengat,  which  la  rapraaanta* 

\n 

• 

• 

U«a  o f  flight  Heady  wlada  up  Is  *  ka  do  not  dagrada  Cooper  rating.  Higher  head  wind*  trimmed 
aith  daata  rated  RCR  4.  Degraded  rating  primarily  dua  to  uncomfortable  attitude  and  lack  of 

• 

• 

■ 

atlrk  force  trim,  rather  than  to  a  more  difficult  control  teak.  Head  wlnde  not  trimmed  with 
duett  aad  lateral  wlada  above  t  kn  rated  RCR  (. 

rvtu 

4 

c 

Deaceal  ckeracterteUce  not  unlike  flight.  Stablllrad  hover  IOE  at  approximately  3  ft  (fairly 
rapraaantatlve).  Bobbing  effect  abould  be  more  pronounced.  Low- level  x-y  guata  provide  a 
fair  repreaeetaUoa  of  turbulence  In  ground  effect.  Rating  without  guata  (RCR  3). 

full 

• 

F 

Simulator  la  rapraaentatlva  of  X-22A  except  for  guata  and  ground  affact,  which  are  not  conaldered 
to  ha  wall  repreaanted.  Ratlnge  apply  to  wlnde  with  guata  applied.  Blight  guete  with  no  wind  In 
ground  affact  (RCR  S).  Beat  repreeentation  of  aircraft  in  ground  effect  wax  made  with  5  kn 
head  wind  and  guat  level  uelng  ducta  to  trim  head  wind. 

Ft‘LI 

»-• 

0 

Ground  affect  with  low- level  lateral  guata  la  repreaantativa  of  flight.  Rapid  deaennta  cm.  be  per¬ 
formed  eaaler  than  very  alow  daaoenta,  aa  found  In  flight.  Thla  effect  probably  due  to  a 
dimlnlabed  guat  reaponoe  chareclarietlc  at  reduced  power.  Rating  given  la  with  guata  without 
(RCR  3). 

full 

7 

H 

Ground  cuaklon  waa  almulated  approximately  aa  In  aircraft.  Turbulence  of  low-level  x-y  guata 
la  approximate  repreeentation  of  aircraft  IOE. 

If  light 

FULL 

B 

Rapid  collective  movement  neceaaary  to  fly  up  through  ground  cuahlon.  Movement  re¬ 
quired  waa  conaldered  not  eenaltlve  enough.  Hover  in  ground  effect  feela  Ilk*  moderate  tur¬ 
bulence.  Very  uncomfortable,  Requires  considerable  pilot  effort.  Ground  cuahlon  ntrongly 
poeltlve.  Relatively  rapid  rate  of  descent  required  to  deacend  through  to  touchdown  la  more 

than  ejected. 

FULL 

4 

C 

Attitude  up  Mil  encountered  IGE  are  moderate,  stick  activity  la  increased.  Descent  to  touchdown 
pleaMnt  compared  to  experience  In  other  VTOL  aircraft. 

FULL 

S-< 

0 

Random  shaking  and  buffeting  experienced  IOE  up  to  wheel  heights  of  about  10  ft.  Strong,  positive 
ground  effect  noted  below  S  ft.  Vertical  landing  teak  moving  quickly  through  ground  effect 
(RCR  4).  Hover  IGE  and  landing  with  1/2  SAB  rated  RCR  t  since  angular  perturbations  are 
noticeably  larger  than  with  FULL  BAB  and  occurred  with  higher  frequency. 

FULL 

* 

E 

Lowering  collective  alowly  Increases  ground  effect  exposure  and  chance  of  PIO.  Roll-on  landing 
technique  decreases  ground  ef.ict  ejqiosuro  time  and  reduces  pilot  effort  required  to  land 
(RCR  3). 

FULL 

s 

F 

Increased  pilot  work  load.  Ground  effect  turbulent  and  positive.  Definite  reduction  In  power 
required  to  descend  last  S  ft. 

FULL 

6-7 

G 

Developed  PIO  In  vertical  axis  twice  during  hover  (RCR  2),  which  waa  improved  by  releasing 
collective.  Possibly  some  pitch  down  whan  descending  Into  ground  affect.  IGE  turbulence 
characterised  by  lateral  shuffle.  Strength  of  ground  cushion  Is  a  surprise  at  first.  Aircraft 
lands  to  stop  descent  at  10  to  20  feet.  Apprehension  due  to  turbulence  also  contributes  to  slow 
daeoent. 

FULL 

7 

H 

Ground  effect  characterised  by  turbulence  which  maaka  the  ground  cushion  effect  to  large  extent. 
Control  IGE  Is  easier  under  moderate  steady-wlnd  conditions.  (RCR  4  In  steady  15-kn  wind.) 

Slight  negative  ground  effect  occurs  Just  above  the  ground  cushion,  which  tends  to  produce  a 
stable  hover  height  at  about  IS  feet. 

TABLE  XXIII.  COMPILATION  OF  PILOT  RATINGS  AND  COMMENTS  FOR  STEADY  FLIGHT  TASKS 
AT  FIXED  OPERATING  POINTS  IN  TRANSITION 


Longitudinal  Trim  BLFB 
and  Static  Stability 


Static  Directional  BLFB 
Stability 


Slightly  more  stable  at  A  -  60  (RCR  3)  than  at  30  (RCR  3.5).  Control  activity  normal. 
Control  forces  representative.  More  sensitive  in  pitch  and  roll  and  slight  tendency  to 
PIO  in  roll  at  30c 

Roll  and  yaw  activity  high,  pitch  normal.  Similar  to  aircraft. 


Neutral  to  slightly  negative  stability.  Resembles  flight.  Occasional  lateral  oscillation. 


Difficult  to  trim  and  hold  altitude  at  A  =  30  fc.  Stability  in  trim  seemed  to  be  stable; 
not  representative. 

Stability  hard  to  tell  from  pitch  forces  at  A=  0\  Seems  to  be  a  nosedown  drift  in 
pitch  trim. 


Difficult  to  trim.  Static  stability  at  A  -  60b  seemed  neutral  (RCR  3).  Stability  seems  to 
vary  slightly  with  angle  of  attack.  Near-neutral  stick-position  stability  at  A  =  0° 
indicated  by  small  forces  required  tc  change  speed  (RCR  2). 

Static  stability  at  A  -  45b,  30°,  and  0°  is  neutral  to  mildly  negative  (RCR  4,  VFR;  RCR  6, 
IFR).  Acceptable  for  VSS  research  vehicle. 

Ability  tc  hold  specific  trim  point  is  difficult.  Static  stability  neutral  to  negative. 

Neutral  to  negative  static  stability.  Difficult  to  trim. 


Maximum  sideslip  limited  by  simulator  scaling;  otherwise  representative  of  flight. 
Positive  static  stability. 


Positive  static  stability  but  not  as  good  a  simulation  as  BLFB  due  to  instrumentation 
and  computer  difficulties.  Lateral -directional  control  forces  generally  representative. 


Positive  static  stability.  Maximum  sideslip  at  approximately  8b.  Poor  simulation 
primarily  due  to  yaw  trim  drift  and  Inadequate  yaw  displays. 


Statically  stable  at  A=  06.  Positive  dihedral.  Low  stability  at  small  sideslip  angles 
at  A=  60\ 

Low  directional  stability  at  A  =  45*. 

Difficult  to  hold  small  sideslip  angles  at  A=  0C  and  30c.  Neutrally  stable  for  ±2";  stable 
at  higher  sideslip  angles.  Steady  sideslip  made  to  10-l/2cat  .*  ~45°.  Slight  duct  buzz 
above  5'  sideslip.  Nose  up  pitching  moment  with  sideslip  noted. 

Neutrally  stable  at  small  angles  of  sideslip  to  ±2-1/2 fc.  Stable  above. 


Response  to  control  inputs  is  normal  to  fast  and  compares  well  with  flight.  Slight  to  mild 
tendencies  to  overshoot  and  PIO  roll  are  noted  at  X  =  30";  control  forces  and  motions 
comparable.  • 

More  difficult  i  >  perform  at  bank  angles  greater  than  20c  (due  to  limitation  in 
simulator  scaling). 


Task  performed  in  100:1  motion  scaling  similar  to  aircraft.  IFR  indicates  motion  due 
to  roll  control  approximately  as  in  aircraft.  Attitudes  representative,  but  g's  do  not 
feel  right. 


Generally  good  representation  of  aircraft.  Response  to  roll-in  seems  about  right.  Statics 
do  not  seem  right.  Flight  requires  more  rudder.  Tendency  to  sit  at  ai  out  2 0  sideslip 
is  same  as  aircraft. 


Greater  effort  required  to  coordinate  turns  than  usual  for  conventional  aircraft.  Turns 
entered  with  stick  only  exhibit  initial  adverse  sideslip  which  changes  and  becomes 
favorable  as  turn  progresses. 

Rudder  forces  too  high  for  stick  at  A=  30°.  Turns  easier  at  A  *  6ob  (RCR  3). 

Rudder  required  is  proportional  to  bai.*  angle.  Smooth  turn  entries  and  recoveries 
obtained  by  leading  lateral  control  with  rudder.  No  side  force  cue  as  to  amount  of 
rudder  required. 

Rating  given  overall. 
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TABLE  XXIV.  COMPILATION  OK  PILOT  HATINC.S  AND  COMMENTS  KoH  DYNAMIC  FLIlHIT  TASKS 
AT  FIXED  OPERATING  POINTS  IN  THANSITION 


Lone-  Period 
Unfltudlml 
Dynamic  M'xto 


Short- Period 
Longitudinal 
Dynamic  Mode 
(Sharp  pulse-type 
pitch  Input) 


Lateral-Directional  [BLFB 
Dynamic  Mode 


N onunc  11  latory  divergent  motion  at  a  ;io\  Slightly  divergent  noseup  .mil  rlimn  (  v  o  i . 
Nonoseilktory  neutral  at  a  i>u  . 

Nonorc  History  slightly  divergent  and  underrinmped  motion  at  a  3o\  Resemble  flight. 


Nonoaclllatory  divergent  motion  at  A  30w. 

Slowly  divergent  from  trim  both  noseup  and  nnsednwn  at  *  :tti 1  .  Oualitv  "I  simulation 
rated  fair.  Long-term  dynamics  vary  with  duct  angle  as  they  d«>  m  the  airplane. 

Slow  to  diverge  at  A  0*. 

Motion  was  nonoaclllatory  divergent  at  A  0W  with  recovery  initiated  after  JiL*-  c  rinse 
down  and  50-sec  noseup  for  an  equal  change  in  [ill eh  attitude. 

Neutral  with  hands-off  in  trim  at  A^  do*'. 

Mildly  divergent  from  trim  both  noseup  and  nosedown  at  X  MO  (RCR  4).  Faster 
divergence  at  a  o'-  (RCR  0)  possibly  due  to  more  out-of-trim  condition. 

Motion  appears  to  be  divergent  at  X  15 


Nonoaclllatory  convergent  well  damped  at  A  30s. 


Nonoscillatory  convergent  well  damped  at  a  30°. 


Well-damped  short  period  at  A  O'.  Only  apparent  motion  is  long-term  divergence. 
Nonoscillatory  convergent  at  a  -  30<\  Quality  of  simulation  rated  poor. 


Heavily  damped  In  1/4  to  3/4  cycle  at  A  -  0®.  Nonoscillatory  overdamped  at  a  do1’.  At 
the  most,  there  is  maybe  one  overshoot. 

Nonoscillatory  convergent  at  A  =  30^  and  0*.  Did  not  particularly  line  it,  probably  because 
of  the  high  sensitivity. 

Oscillatory  convergent  well  damped  at  A  30#. 

Essentially  deadbeat. 

Deadbeat  at  A  -  301*. 


Nonoscillatory  convergent  well  damped  at  A  o',  30\  and  00'. 


Two  techniques  used  to  excite  motion.  Quality  of  simulation  judged  to  he  fair  for  release 
from  steady  sideslip,  and  good  for  rudder  walk  technique. 


At  A  =  15* ,  22°  motion  is  damped  oscillation  with  a  period  of  approximately  5  sec. 

Lateral -directional  mode  easily  excited  by  walking  rudders. 

Directional  mode  as  excited  by  release  from  steady  sideslips  and  rudder  walking  was 
quickly  damped.  Persistent  lateral  oscillation  with  approximately  an  s-soc  period 
present  at  A  -  30*,  but  not  at  05'.  No  coupled  motion  noted  at  0‘  (RCR  2).  Oscillation 
moderately  damped  at  duct  angle  45  . 

Crosscoupled  spike  seems  to  be  the  best  test  technique. 

Motion  appears  to  be  oscillatory  at  O'  duct  angle  and  damps  in  approximately  1-3/4  cycles 

Directional  oscillation  is  damped  (RCR  3).  Lateral  oscillation  persists  at  small 
amplitude  (RCR  5). 

At  A  -  30c,  flight  control  not  difficult;  rudder  kicks  performed  while  maintaining  bank 
angle  within  dlO*. 


TABU  XXV.  COMPILATION  OK  PILOT  RATINGS  AND  COMMENTS  FOR  CONTINUOUS  CONVERSIONS  AND  RECONVERSIONS 


C(M 

RCR 

Pilot 

Common! 

BHFB 

4 

B 

Duel*  were  routed  down  intermittently  In  intervale  o (  approximately  1  aec  with  lunrlage  attitude  held 
level  Large  height  variation  and  eaceealve  pitch  trim  change*  ejgterlenretl.  Lateral  control  motion  waa 
high.  Heading  hold  difficult  due  to  dieplay.  Rapid  nleady-rate  converalon*  were  difficult  to  atablllie. 
Overall  control  performance  rating  for  converelona  wa*  below  average  (RCR  .  Pilot  work  load  In 
tranattion  waa  rated  high.  Ability  to  initiate  and  terminate  converelona  and  reconveraluna  waa  rated 
average,  and  control  reaponaea  during  theae  Uaka  were  normal  (RCR  II), 

4 

c 

Several  converelona  and  reconveraluna  were  made  uaing  duct  rotation  both  intermittently  and  at  maximum 
continuoua  rate  (RCR  4).  Collective  atick  and  thruat  routlon  rated  (RCR  2-3).  Pitch  trim  too  alow 
(RCR  3).  Yaw  control  rated  RCR  4,  probably  due  to  prewntation  which  waa  not  conaldered  to  be  good 
for  IFR  Either  roll  rerponae  aeemed  to  be  alow  or  lateral  atick  force  waa  high  (RCR  4),  but  roll  con¬ 
trol  waa  O.K.  (RCH  2).  Pilot  work  load  rated  high  (RCR  4-5). 

7.5 

D 

Initially  during  re  conversion,  thrust  control  is  used  eaaentlally  as  a  height  control;  subsequently  aa  a 
speed  control.  The  croanover  point  in  uae  of  thruat  control  la  hard  to  judge  (RCH  7)  because  height 
cues  are  poor  (RCR  6),  Pitch  atick  waa  used  to  keep  fuselage  attitude  level.  Pitching  moment  required 
wan  considered  to  be  too  high  and  pitch  control  rated  RCR  6.  Roll  control  required  too  much  effort; 
roll  sensitivity  and  damping  rated  poor  (RCR  7).  Yaw  control  used  to  hold  course  (RCR  5).  Overall 
work  load  for  reconversion  rated  excessive. 

- 

E 

Conversion  snd  reconversion  trim  snd  attitude  changes  provided  reasonable  Indications  and  cues. 

3-4 

F 

Use  of  collective  to  maintain  altitude  more  difficult  during  reconversion.  Thrust  rotation  at  pi  lot's  dls- 
cretion,  Pitch  attitude  difficult  between  A  =  0°  and  30°  due  to  large  trim  change.  Roll  and  yaw  control 
O.K.  Conversion.  RCR  3;  reconversion.  RCR  4. 

Flight 

B 

Conversion  from  a  =  90°  to  30°  made  with  fuselage  level.  The  sense  of  horizontal  acceleration  was  sur¬ 
prising.  as  normal  pilot  tendency  is  to  lower  the  nose  to  gain  speed  as  learned  In  helicopter  training. 

Duct  rotation  switch  on  collective  stick  is  good.  On  rotation  from  A  =  30°  to  0°,  the  fuselage  attitude 
had  to  be  increased  which  complicated  the  pilot  task.  The  conversion  was  rated  difficult. 

For  reconversion,  ducts  were  rotated  from  A  =  0°  to  A  =45°.  Speed  response  to  duct  rotation  was  im- 
mediate  Rapid  noseup  trim  change  requires  nosedown  control.  Reduced  collective  necessary  to 
prevent  climb.  As  ducts  rotated  further  to  90°  aircraft  stability  increased  in  pitch  and  roll. 

C 

Acceleration  rapid  and  comfortable  in  fast  conversion  to  A  =20°.  Further  conversion  resulted  in  strong 
requirement  for  full-up  collective  and  nose-up  sttitude  which  was  not  sufficient  to  level  off  at  130  kn 
and  A  •  0°. 

Fast  reconversion  at  constant  collective  results  in  rapid  climb  (RCR  4).  Reduced  collective  la  required. 
Reconversion  from  A=  30°  to  90°  more  manageable.  Increased  collective  at  A=  90°  obvious  and 
easily  accomplished  (RCR  3). 

3-4 

D 

In  conversions,  a  significant  reduction  in  power  is  required  at  about  A  =60°.  Strong  noseup  pitch  change 
noted  and  rated  excessive  (RCR  5)  because  retrim  effort  is  added  to  already  high  work  load.  Duct  bust 
evident  between  A=70°  snd  50°.  Height  controlled  without  difficulty  (RCR  3).  Maximum  rate  converalon 
easier  to  perform.  Overall  rating  for  fast  conversion.  RCR  3;  for  slow,  RCR  4. 

In  level  reconversions,  considerable  difficulty  experienced  between  A  0 0  and  30°  in  holding  pitch 
attitude,  partly  due  to  lack  of  good  visual  attitude  cue  and  partly  due  to  trim  change.  Changeover  from 
using  collective  for  speed  control  to  collective  for  height  control  was  difficult  to  phase.  Judgment  of 
closure  rate  and  deceleration  to  stop  at  selected  spot  was  difficult.  Reconversion  not  rated  overall. 

3-5 

E 

In  both  slow  and  rapid  conversions,  initial  noseup  trim  change  noted  between  A=  90°  and  70°.  Eaaentlally 
no  large  pitch  changes  noted  between  A=  70°  and  30°.  Further  rotation  to  A  *  15°  results  in  significant 
nosedown  trim  change,  requiring  attitude  trimming.  Between  A=  15°  and  0°,  there  is  a  continuous  re¬ 
quirement  for  up  collective  and  aft  retrimming,  and  a  lateral  PIO  tendency  was  noted  during  slow  con¬ 
versions. 

In  reconverting,  an  initial  ballooning  (climb  tendency)  noted  with  duct  rotation  causes  high  work  load, 
which  decreases  again  until  ducts  near  90°  Work  load  increases  again  In  hover.  Rapid  conversions 
and  reconversions  are  easier  to  perform  because  pilot  cues  are  more  apparent  (RCR  3).  Slow  (RCR  5). 

Descending  reconversion  with  slow  duct  rotation  and  aircraft  altitude  monitoring  easily  performed 
(RCR  3).  Work  load  rated  low  compared  to  level  maneuver.  Trim  changes  obvious  but  not  objectionable. 

3 

C. 

Conversion  performed  from  stabilized  hover  by  beeping  ducts  to  A  =  70°  and  rotating  continuously  there¬ 
after.  Collective  used  to  control  height  snd  stick  for  fuselage  attitude  for  level  conversion;  nose  rotated 
up  and  collective  added  from  about  100  kn  (i.c.,  between  A=  15°  and  0°).  Conversion  easily  accom¬ 
plished  (RCR  3).  Pilot  work  load  rated  average.  Forward  stick  required  in  early  stage  of  conversion 

Is  undesirable  for  IFR  This  characteristic  1b  typical  of  helicopters,  but  their  stick  requirement  does 
not  reverse  as  speed  increases.  Rolling  turn  during  conversion  improves  visibility  and  makes  maneu¬ 
ver  acceptable.  No  lateral  handling  problem  noted,  even  though  conversions  were  made  in  90* 
crosswind. 

4 

G 

Reconversion  predictable  and  repeatable  using  moderate  beeping  of  ducts  initially  from  stabilized  flight 
at  120  kn,  A  =o°,  and  continuous  duct  rotation  on  approaching  hover  point.  Large  and  rapid  application 
of  thrust  required  when  entering  hover.  Difficult  to  tell  position  of  ducts  when  concentrating  on  landing 
target.  Reconversion  is  similar  to  helicopter  "quick- stop”  maneuver  but  without  high  noseup  attitude. 

3 

H 

Conversion  from  hover  to  A=  30°  is  RCR  2,  it  Is  RCR  4  from  a  =30°  to  0°  due  to  larger  trim 
and  power  changes.  Reconversion  from  A=  30°  to  hover,  RCR  3. 

APPENDIX  ID 

CORRELATIONS  OF  SIMULATOR  STATIC  AND  DYNAMIC 
RESPONSE  CHARACTERISTICS  WITH  FLIGHT 

In  order  for  an  aircraft  to  be  adequately  simulated,  the  individual  aerodynamic 
and  control  system  parameters  must  be  represented  to  a  tolerance  within  the 
threshold  of  pilot  sensitivity;  that  is,  his  ability  to  detect  a  difference.  Although 
this  degree  of  accuracy  in  the  representation  of  stability  and  control  parameters 
is  a  necessary  condition,  it  is  not  a  sufficient  one,  since  there  are  many  other 
elements  of  the  simulation  that  can  cause  the  handling  qualities  to  be  mis¬ 
represented.  Most  of  these  other  elements  have  been  discussed  elsewhere  in 
this  report,  and  this  appendix  presents  comparisons  and  evaluations  of  the 
simulated  static  and  dynamic  stability  and  control  characteristics  with  flight 
as  an  indication  of  the  degree  of  fidelity  of  the  different  simulations. 

Data  presented  were  taken  from  th*>  recorded  time  histories  of  significant  flight 
parameters  and  include  examples  of  control  position  and  attitude  stability  and 
trim  in  hover  and  transition,  the  trend  of  control  position  vyith  velocity  in  con¬ 
tinuous  transitions,  and  time  histories  of  dynamic  motions  and  responses  to 
control  inputs  in  hover  and  at  fixed  operating  points  in  transition. 

STATIC  STABILITY  AND  CONTROL  CHARACTERISTICS 

This  section  presents  comparisons  of  the  static  stability  characteristics  of  the 
different  simulators  with  flight.  Results  show  that  the  fixed  operating  point 
static  derivatives  are  reasonably  representative  of  flight  for  all  simulators.  An 
exception  is  the  value  of  Ly,  used  in  the  BLFB  and  ALMB  simulations,  at 
A  =  30°,  80  kn,  which  slightly  exceeded  the  usual  range  of  pilot  tolerance  to  this 
parameter;  however,  the  fact  that  this  difference  went  undetected,  by  the  pilots, 
indicates  that  these  simulations  were  also  adequate. 

Fixed  Operating  Points 

Static  characteristics  are  best  compared  by  plotting  stick  position  and  physical 
attitude  as  a  function  of  velocity.  Differences  between  equivalent  cases  are 
evaluated  by  solving  and  comparing  the  static  equations  of  motion  in  the  steady 
state,  and  relating  differences  in  simulated  flight  characteristics  to  the  pilot 
judgments  of  flying  qualities  as  interpreted  from  the  pilot  comments  received. 

Hover 


The  static  longitudinal  parameters  of  pitch  attitude  6  and  stick  position  8ps  are 
presented  in  Figure  9,  as  a  function  of  velocity.  Simulator  and  flight  data 
appear  to  be  in  reasonable  agreement;  an  evaluation  of  the  longitudinal  equations 
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of  motion  for  steady  forward  flight  iidicates  that  the  individual  terms  are 
adequately  represented. 


The  longitudinal  force  and  moment  equations  in  steady  forward  flight  are 
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Because  height  damping  in  the  X-22A  is  low  and  .pilot  comments  show  that  there 
is  virtually  no  pitch  attitude  coupling  with  height  control,  the  height  equation 
(110)  is  uncoupled  from  the  longitudinal  equation  (109)  and  the  pitching  moment 
equation  (111)  and  can  therefore  be  neglected  in  evaluating  Figure  9.  Therefore, 
pitch  attitude  can  be  obtained  directly  from  equation  (109)  and  is  given  simply 

by 

.  -X  u  -  X  w 

e  =  sin"  ( . W-)  (112) 

Since,  at  very  low  speeds,  the  Xw  term  in  the  X-22A  is  zero,  this  equation 
further  reduces  to 


-X  u 

6  =  sin  (  )  (113) 

By  substituting  corresponding  experimental  values  of  u  and  9  into  equation  (113), 
the  value  of  the  Xu  term  used  in  the  simulation  programs  can  be  shown  to  be 
reasonably  correct.  In  the  same  manner,  since  Mw  in  the  X-22A  is  zero  in 
hover,  equation  (111)  can  be  evaluated  to  show  that  the  simulated  values  of 
M  g  and  are  reasonable  representations  of  flight, 
ps 

Static  lateral  parameters  of  bank  angle  <t>,  and  roll  stick  position  8rs,  from  the 
different  simulation  programs,  are  compared  with  flight  results  in  Figure  10, 
as  a  function  of  lateral  velocity.  These  results  can  be  evaluated  in  terms  of 
the  lateral  force  and  moment  equations  which,  in  hover,  are  essentially  in¬ 
dependent. 


NOTE:  Full  Stick 
at  ±  5.2  in. 


Lateral  Velocity  -  kn 


Figure  10.  Comparison  of  Roll  Attitude  and  Stick- Position 
Stability  in  Hover  for  Simulators  and  Flight. 
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The  steady-state  lateral  equations  are  simply 


Y  v  +  W  sin  =  0 

V 

(114) 

Lv+L,  8  =0 

v  8  rs 

(115) 

rs 

N  v  +  N  #  8  =0 

v  8  a 

(116) 
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From  the  side  force  equation  (114),  the  bank  angle  can  be  expressed  as 

1  Y  v 

*  =  sin"  (117) 

In  Figure  10,  the  experimental  trends  and  levels  of  bank  angle  with  lateral  speed 
from  all  simulations  are  shown  to  be  in  reasonable  agreement  with  flight.  Sub¬ 
stitution  of  corresponding  values  of  speed  and  bank  angle  in  equation  (117) 
indicates  that  the  Yy  term  is  adequately  represented. 

From  the  rolling  moment  equation  (115),  lateral  stick  position  can  be  expressed 

in  terms  of  the  ratio  of  L  /L  . 
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Experimental  data  for  lateral  stick  position  from  the  BHFB  are  in  reasonable 
agreement  with  flight,  but  results  from  the  BHFB  differ  appreciably.  Since 
control  power  levels  were  the  same  in  all  simulations,  this  difference  is 
attributed  to  an  inadvertent  misrepresentation  of  L,,  in  the  BLFB  and  ALMB 
simulations,  which  used  a  value  of  -0.056  (rad/sec2)/(ft/sec)  instead  of  -0.0394, 
as  quoted  in  Reference  12  (which  gives  a  much  closer  representation  of  the 
experimental  flight  results).  It  is  interesting  to  note  that  the  pilots  were  ap¬ 
parently  insensitive  to  this  difference  since  they  did  not  detect  and  comment 
on  the  different  characteristics.  The  expression  for  pilot  tolerance  to  Ly  from 
page  93  of  Reference  12, 

AL  =±f"o.6+6(L  )1  |L  |  (rad/sec^)/(ft/sec)  (119) 

v  ^  V'V 
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defines  the  threshold  of  pilot  sensitivity  about  Ly  ■  0.0394  as  tho  range  of 
values  from  -0.025  to  -0.054  (rad/sec2)/  t/sec).  Since  the  value  of  -0.056  used 
in  the  BLFB  and  ALMB  program  is  only  slightly  beyond  this  range  and  since  the 
effects  of  the  difference  were  undetected,  the  representation  of  Ly  as  performed 
1b  considered  to  be  adequate. 

Transition,  A  =  30° 


The  stick  position  required  for  equilibrium  level  flight  at  various  trim  speeds 
and  the  stick-position  stability  within  ±15  kn  from  trim  are  presented  in 
Figure  11.  The  simulation  results  were  obtained  from  the  BHFB  simulation 
and  show  very  good  agreement  with  flight  for  trim  speeds  of  90  and  120  kn. 

The  gradient  of  the  stick  position  with  respect  to  speed  for  the  80-kn  trim 
evaluation  is  greater  for  simulation  than  it  is  for  flight.  However,  the  gradient 
has  the  proper  sign,  which  is  Important  in  evaluating  stability.  The  maximum 
error  in  stick  position  of  1/2  inch  was  probably  imperceptible,  because  pilot 
comments  indicated  that  the  simulator  was  much  like  the  aircraft. 

The  lateral-directional  static  stability  parameters  of  8rs,  8  rp,  and  <t>  are  pre¬ 
sented  in  Figure  12  as  a  function  of  sideslip  angle.  These  data  show  generally 
good  agreement  with  flight  for  the  BHFB  and  BLFB. 

Continuous  Conversion  and  Reconversion 

Continuous  transitions  at  constant  altitude  can  be  made  for  an  infinite  variety  of 
combinations  of  the  independent  variables,  which  include  A  ,  8  ,  8ps,  8TC,  and 
V,  so  that  there  is  no  unique  correspondence  of  parameters,  and  quantitative 
comparisons  of  several  continuous  transitions  are  difficult  to  make.  Figure  13 
presents  a  comparison  of  several  conversions  and  reconversions  performed  in 
both  the  aircraft  and  the  simulator.  The  characteristic  forward  stick  position 
to  maintain  an  equilibrium  speed  in  midtransition  is  clearly  shown.  While  none 
of  the  simulated  transitions  have  an  exact  counterpart  in  flight,  they  all  exhibit 
similar  trends,  and  the  range  of  variation  amoung  the  various  parameters  is 
approximately  the  same  in  the  BHFB  as  it  is  in  flight. 

DYNAMIC  STABILITY  CHARACTERISTICS  ANALYSIS 


This  section  presents  comparisons  of  the  dynamic  response  time  history 
records  of  important  parameters  for  the  different  simulators  with  flight.  Re¬ 
sults  show  that  the  aircraft  dynamics  were  reasonably  well  represented  in  all 
simulators,  and  that  the  extent  of  the  differences  shown  by  the  data  was  for  the 
most  part  within  the  scatter  of  the  pilot  ratings  and  comments  received. 
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Stick- Position 


Variation  of  Stick  Position  with  Speed 
Pitch  Control  Mode 


O  x-22  Flight  Results 

O  BHFB  Results 

Solid  Sym  Indicates  Trim  Point 


Figure  11.  Comparison  of  Pitch  Stick- Position  Stability  in  Fixed  Operating 
Point  Transition  (X  =  30°  )  for  Simulators  and  Flight. 
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Sideslip  Angle,  ft  -  deg 


Figure  12,  Comparison  of  Roll  Attitude  Stability  and  Roll  Stick 

and  Rudder  Pedal  Position  Stability  in  Fixed  Operating 
Point  Transition  for  Simulators  and  Flight. 


C  -  Conversion 
r  -  Reconversion 


Note:  F  -  Flight 

S  -  Simulator 
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Figure  13.  Comparison  of  Flight  Parameters  in  Ctanti****** 
Transition  for  Simulators  and  Flight. 


Comparisons  in  hover  are  presented  for  dynamic  characteristics  in  pitch,  roll, 
yaw,  and  height.  Comparisons  at  fixed  operating  points  in  transition  are  given 
for  the  inherent  longitudinal  and  lateral -directional  dynamic  responses,  and  for 
the  short-period  responses  to  pitch  and  roll  control  inputs. 

Height  Dynamics  In  Hover 


Respc  nses  of  the  different  simulators  to  step  inputs  of  the  collective  stick  are 
c  ompared  with  flight  results  in  Figure  14.  Height  control  inputs  are  shown  to 
command  an  acceleration  response  in  all  simulations  as  in  flight.  Typically, 
the  response  to  the  input  is  a  relatively  undamped  acceleration,  which  can  be 
stopped  only  by  a  corresponding  input  in  the  opposite  direction.  The  inherent 
height  damping  of  the  X-22A  is  very  low,  and  since  there  is  no  augmentation  in 
this  axis,  the  pilot  must  provide  his  own  damping  by  anticipating  the  response 
with  the  collective  stick.  In  rough  air  and  *n  ground  effect  where  the  vertical 
mode  is  continually  excited,  these  control  characteristics  are  quite  sensitive  to 
pilot-induced  oscillations.  In  the  opinion  of  all  pilots,  the  height  control  mode 
as  simulated  was  representative  of  flight. 

Pitch  Dynamics  In  Hover 

Responses  of  the  different  simulators  to  pulse-type  pitch  stick  inputs  in  hover 
are  compared  with  flight  results  in  Figure  15.  Results  in  all  simulators  are 
shown  to  be  very  similar  to  flight.  The  delay  in  pitch  attitude  response  appears 
to  be  less  than  1/4  sec  in  all  cases,  and  pitch  rate  returns  promptly  to  zero 
with  negligible  overshoot.  The  residual  pitch  rate  oscillation  evident  in  the 
flight  results  was  caused  by  pitch  stick  inputb  during  the  recovery  maneuver. 

Responses  to  stop  inputs  in  pitch  for  the  different  simulators  in  hover  are  com¬ 
pared  with  flight  results  in  Figure  16.  The  response  in  the  BLFB  agrees  very 
closely  with  the  flight  response.  The  difference  seems  to  be  in  the  rate  with 
which  pitch  rate  returns  to  zero.  From  comparable  initial  pitch,  the  pitch 
rates  and  the  BLFB  returned  to  zero  in  6  sec,  whereas  the  aircraft  returned  in 
3-1/2.  This  difference  may  be  the  result  of  external  disturbances  such  as  gust 
effects  in  the  flight  results  or  a  difference  between  the  simulated  and  the  true 
aerodynamic  damping.  In  the  ALMB,  the  longest  available  step  input  was  sus¬ 
tained  for  approximately  2  sec,  which  is  not  time  enough  for  the  full  oscillation 
to  develop.  However,  longer  steps  could  not  be  sustained  without  exceeding  the 
limits  of  the  flight  cube.  Comparable  data  from  the  BHFB  simulation  were  not 
available.  Pilot  comments  for  longitudinal  dynamic  response  in  hover  indicate 
that  all  simulations  were  well  representative  of  the  aircraft. 
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Comparison  of  Dynamic  Response  to  a  Step- Type  Input 
of  the  Pitch  Control  in  Hover  for  Simulators  and  Flight. 


Roll  Dynamics  In  Hover 


Responses  to  pulse-type  roll  stick  inputs  for  the  different  simulators  in  hover 
are  compared  with  flight  results  in  Figure  17.  Responses  in  all  cases  are 
similar.  Discrepancies  can  be  accounted  for  by  differences  in  the  initiating  and 
recovery  inputs  to  roll  stick.  The  flight  record  of  roil  angle  differs  from  the 
BLFB  in  the  time  it  takes  to  return  to  zero.  This  difference  is  attributable  to 
the  over-recovery  indicated  on  the  roll  stick  trace. 

In  the  BHFB,  the  lag  of  the  roll  angle  response  of  about  0.2  sec  appears  to  be 
slightly  greater  than  for  the  other  cases,  but  the  response  is  still  very  fast.  In 
this  case  the  roll  angle  continues  to  increase  instead  of  rfiturning  to  zero,  but 
this  action  can  be  traced  to  the  action  of  the  roll  stick,  which  does  not  recover 
completely  and  continues  to  feed  a  residual  roll  acceleration  to  the  system. 

Responses  to  step  inputs  in  roll  for  the  different  simulators  in  hover  are  com¬ 
pared  with  flight  in  Figure  18.  These  responses  appear  to  be  excellent  in  all 
simulations.  The  amplitudes  of  roll  rate  and  angle  are  in  direct  proportion  to 
the  size  of  the  input,  and  the  time  to  damp  agrees  well  with  flight.  In  all  cases, 
the  delay  in  roll  angle  response  appears  to  be  less  than  0.2  sec.  Comparable 
data  for  the  BHFB  simulation  were  not  available. 

Yaw  Dynamics  In  Hover 


Responses  to  rudder  pedal  step  inputs  for  the  different  simulators  in  hover  are 
compared  with  flight  in  Figure  19.  The  agreement  among  cases  is  actually  very 
reasonable,  although  at  first  glance  the  results  appear  to  be  different.  The  dis¬ 
crepancies  are  explainable  in  terms  of  the  limits  of  SAS  authority  in  tho  yaw 
axis,  which  was  32  percent  of  maximum  yaw  control  power  in  the  aircraft,  24 
percent  in  the  ALMB,  and  unlimited  in  the  BLFB.  Tho  SAS  operates  to  drive 
yaw  accelerations  to  zero  in  proportion  to  attitude  rates  within  tho  limits  of  its 
control  authority.  Because  SAS  authority  in  the  BLFB  was  unlimited,  the  result 
shown  for  the  BLFB  is  a  typlcallv  unsaturated  SAS  response.  In  the  ALMB,  the 
response  shown  is  saturated,  and  the  yaw  rate  is  seen  to  continue  its  climb.  In 
this  case  the  input  was  sustained  for  only  3  sec,  but  if  it  could  have  been  hold 
longer,  the  rate  would  have  gradually  leveled  off  under  the  influence  of  aero¬ 
dynamic  damping.  The  difference  in  saturated  and  unsatureted  SAS  charac¬ 
teristics  is  comparod  directly  by  flight  rosults  for  two  different-size  yaw  con¬ 
trol  inputs.  The  saturated  SAS  input  is  the  result  of  a  pedal  reversal  maneuver 
rather  than  a  step  input,  but  the  comparison  "hows  the  basic  difference  in 
response  between  saturated  and  unsatursted  SAS  cases  and  demonstrates  the 
similarity  of  response  between  simulators  and  flight.  For  all  maneuvers 
requiring  less  th  tn  the  SAS  saturation  level  (*hlch  includes  most  ordinary 
maneuvers),  all  simulators  have  similar  dynamics  and  are  directly  comparable 
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to  the  aircraft.  Results  agree  with  pilot  comments  and  show  that  response  is 
fast,  with  small  inputs  producing  a  rate  response  and  large  inputs  producing  an 
acceleration  response.  Accurate  representation  of  these  characteristics,  which 
are  most  noticeable  with  motion  simulation,  requires  mechanization  of  the  limits 
of  authority  of  the  SAS.  Comparable  dynamic  response  time  history  data  from 
the  BHFB  simulator  were  not  available,  but  the  characteristics  were  similar, 
and  the  yaw  SAS  authority  was  implemented  at  24  percent. 

Longitudinal  Long-Period  Dynamic  Mode  at  Fixed  Operating  Points  in  Transition 


Time  history  records  of  the  long-period  dynamic  motion  in  the  different  simu¬ 
lators  are  compared  with  flight  in  Figure  20.  The  motion  shown  is  an  extended 
hands-off  time  interval  starting  from  initial  trim  at  A  =  30  ,  V  =  80  kn.  Since 
the  task  was  hands-off,  stick  position  was  constant  and  is  not  shown. 

The  mild  divergence  of  the  long-period  mode,  which  is  characteristic  of  the  air¬ 
craft,  is  shown  to  be  well  represented  in  all  simulators.  In  the  ALMB,  the 
presence  of  an  initial  rate  of  climb,  li,  explains  the  difference  between  the 
altitude  traces.  The  faster  rates  of  response  obtained  in  the  BLFB  were  caused 
by  control  inputs  at  the  beginning  of  the  maneuver,  which  are  evident  in  the  pitch 
attitude,  6  ,  and  the  rate  of  climb,  li  ,  traces.  At  other  duct  angles  and  trim 
speeds,  the  simulations  were  equally  comparable  with  flight.  The  rate  of  diver¬ 
gence  of  the  long-period  mode  has  a  gradually  decreasing  trend  with  increasing 
duct  angle  and  decreasing  speed.  At  60°  duct  angle  and  approximately  45  kn, 
the  stability  appears  to  be  neutral.  With  reduced  SAS  or  at  speeds  away  from 
trim,  the  rate  of  divergence  is  increased. 

Longitudinal  Short-Period  Dynamic  Mode  at  Fixed  Operating  Points  in 
Transition  ~ 

Time  history  records  of  the  short-period  dynamic  response  to  step-type  pitch 
control  inputs,  in  the  different  simulators  and  in  flight,  are  compared  in 
Figure  21.  Motion  characteristics  are  shown  to  be  similar  for  all  cases.  Rate 
response  to  the  control  input  is  very  fast,  highly  damped,  and  in  proportion  to 
the  size  of  the  control  input,  as  measured  from  the  initiation  of  the  control 
motion  to  the  peak  of  the  rate  response  trace.  The  rest  of  the  time  history 
shows  the  residual  steady  pitch  rate  which  follows  the  short  period  and  which 
is  established  as  a  result  of  the  sustained  control  input.  Differences  in  the 
magnitude  of  the  residual  steady  pitch  rate  and  in  the  development  of  the  pitch 
attitude  trace ,  relative  to  the  size  of  the  control  inputs  for  the  different  simu¬ 
lator  cases  compared  to  flight,  can  be  explained  in  terms  of  the  pitching  moment 
equation,  which  for  a  constant  pitch  rate  reduces  to 

M.  6  +M  w+Mu+Mq  =  0  (120) 

8  ps  w  u  q  v  ' 

PS 
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Since  the  phugoid  and  short-period  responses  have  been  shown  to  be  similar  to 
flight,  it  seems  reasonable  to  assume  that  the  aerodynamic  derivatives  are 
adequately  represented.  In  all  simulator  cases  shown  in  Figure  21,  the  control 
inputs  are  initiated  from  equilibrium  flight  (S  =  C).  For  the  flight  case  of 
Figure  21,  the  control  input  was  initiated  from  a  condition  of  nonequilibrium 
(  $  j  0) ;  the  size  of  the  control  input,  while  proportional  to  the  initial  rate  change, 
is  not  consistent  with  the  residual  pitch  rate  developed.  A  further  indication  of 
the  initial  nonequilibrium  condition  of  the  flight  case  is  given  by  the  comparison 
of  nz,  which  was  zero  in  the  ALMB  case  but  negative  in  flight.  Since  nz  =  - 
and  Mw  is  a  negative  quantity,  the  Mv/w  term  has  the  opposite  sign  of  w.  In 
the  ALMB  case,  w  is  always  positive,  and  this  term  contributes  positive  pitching 
moments  that  oppose  the  damping.  In  the  flight  case,  since  nz  changes  from 
negative  to  positive  during  the  maneuver,  this  term  contributes  less  positive 
pitching  moments,  and,  in  the  final  stages  of  the  maneuver,  it  actually  reinforces 
the  damping  term  and  accounts  for  the  reduction  in  the  residual  pitch  rate  which 
is  out  of  proportion  to  the  control  input. 

Lateral  Control  Response  at  Fixed  Operating  Points  in  Transition 


Time  history  records  of  the  response  to  step-type  lateral  control  inputs  in  the 
different  simulators  are  compared  with  flight  in  Figure  22.  Simulator  results 
shown  are  for  a  typical  fixed  operating  point  condition,  A  =  30°,  V  =  80  kn,  as 
compared  to  closest  comparable  flight  data  point.  Results  from  all  simulators  are  in 
good  agreement  with  flight.  Roll  rate  responds  immediately,  builds  to  a  peak 
value,  and  recess  again  to  zero  while  the  roll  attitude  develops  and  becomes 
constant.  In  the  BLFB,  the  control  input  was  not  sustained  long  enough  for  the 
rate  to  reach  zero,  which  explains  why  the  attitude  trace  does  not  level  off. 

These  results  generally  confirm  the  pilot's  comments  and  judgments  of  lateral 
control  response  in  transition. 

Lateral-Directional  Dynamic  Mode  at  Fixed  Operating  Points  in  Transition 


Dynamic  response  time  history  comparisons  of  the  BLFB  and  BHFB  simulators 
with  flight  are  shown  in  Figure  23  for  a  release  from  steady  sideslip  at  A  =30°, 

V  =  80  kn.  Comparable  data  for  the  ALMB  are  not  available  because  of  diffi¬ 
culties  experienced  with  the  computer  program.  Although  all  three  responses 
are  oscillatory,  they  differ  noticeably  in  several  respects.  The  BHFB  response 
bears  the  most  resemblance  to  flight,  as  it  has  approximately  the  same  fre¬ 
quency,  but  it  is  lightly  damped  compared  to  the  nearly  neutral  stability  of  the 
aircraft.  The  BLFB  response  is  most  highly  damped  with  a  lower  frequency 
and  very  little  yaw-roll  coupling.  The  aircraft  itself  appears  to  be  neutrally 
damped,  probably  because  the  side  force  and  directional  stiffness  parameters 
are  not  as  large  as  estimated.  In  view  of  these  differences,  it  is  considered  to 
be  significant  that  the  pilot  ratings  and  comments  for  this  task  did  not  vary  more 
widely  among  the  different  simulations  and  as  compared  with  flight. 
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Comparison  of  Control- Free  Dynamic  Response  for  the  Lateral-Directional  Dynamic  Mode  for  a 
Release  From  Steady  Sideslip  in  Fixed  Operating  Point  Transition  (  X  =30 J  ,  V  =  kn). 
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